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Introduction

INTRODUCTION

1. Photodynamic Therapy

Photodynamic Therapy (PDT) is a promising and non-invasive treatment modality for

9,10 11-13

cancer, microbial and viral infections®®, water-purification®*°, skin conditions**3, age-

1416 and others'’*°,

related macular degeneration
PDT requires the combined action of three individually non-toxic elements, a photosensitizer
(PS), light, and oxygen. Typically, in PDT-mediated cancer treatment, the systemic or topical
administration of the PS is followed by its preferential accumulation in the diseased tissue as
illustrated by Figure 1. Although today the selectivity of PS is not fully understood, it is
thought to be a multifactorial process including physico-chemical properties of the PS and its
binding to plasma proteins as well as the particular characteristics of tumors such as leaky
vasculature and low lymphatic drainage, known as the enhanced permeability and retention
effect (EPR), expression of specific enzymes, receptors, and pH variation'”2%2*.

Localized irradiation with light in the diseased area results in the activation of the
accumulated PS into an excited state. Subsequently, PS can emit fluorescence enabling
photodetection (photodiagnosis) of the tumor but can also induce reactive oxygen species
(ROS) leading to cytotoxic effects and tumor destruction as depicted by Figure 1 and 2.
Depending on the PS’s cellular and intracellular localization/relocalization, direct and indirect
cell killing, vascular occlusion, release of cytokines and the response of the immune system

2
can be observed>?’.
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PS Administration  PS Selective Accumulation Tumor light irradiation Tumor Detection
& Biodistribution in the Tumor & Localised PS Activation: & Destruction
- Fluorescence emission
- ROS production

Figure 1. The principle of photodynamic therapy and fluorescence detection. After its
administration, the PS will selectively accumulate in the target tissue. Localized irradiation of
the diseased area with light will induce fluorescence emission and the confined production of
highly toxic reactive oxygen species (ROS). These two features enable both imaging
(Photodetection) and irradication (PDT) of the diseased tissue.

Type | Reaction 0y
PS Excited State (electron or hydrogen transfer) *OH

1p5*
| ntersystem crossi ng
3Ps*

Type Il Reaction

(energy transfer)

102 ——

20UaJsalon|4

ENERGY
Absorption

Phosphorescence

302 ——

oPS

PS Ground State

Figure 2. PDT mechanism of action illustrated by a modified Jablonski diagram. Light
irradiation of the PS promotes its activation from its ground state into an excited PS singlet
state. The excited PS ('PS*) may return to its ground state through internal conversion,
fluorescence emission, or undergo intersystem crossing to an excited triplet state (‘PS*). The
triplet state can transfer energy to molecular oxygen (‘0,) leading to the formation of the
cytotoxic singlet oxygen ('0y) (Type II reaction) or can react directly, through electron or
hydrogen transfer, with organic molecules in its direct environment leading to the oxidized
cellular components and the formation of free cytotoxic radicals i.e. superoxide anion (*0Oy)
and hydroxyl (HO®) radicals (Type I reaction).
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PDT as compared to conventional cancer treatment such as surgery, chemotherapy, and
radiotherapy presents several advantages including being minimally invasive, have reduced
systemic side effects, and a restricted range of action of the cytotoxic ROS?*. Furthermore, it

can be applied repeatedly due to reduced tumor resistance to PDT treatment®=*.

One of the major drawbacks of PDT is the sometimes limited selectivity of the PS, resulting

into side-effect such as skin photosensitivity (Figure 3).

' ‘ : _
Figure 3. Skin swelling and lesion of Meyer-Betz after self-injection of 200 mg of
hematoporphyrin and sun-exposure’.

Major efforts to increase PDT therapeutic outcome have been undertaken through
improvement of light delivery. Moreover, developments of 2™ generation PS and optimized
pharmaceutical formulation led to improved pharmacokinetic (PK) and pharmacodynamic
(PD) properties and thus, to increased interest in clinical PDT. Finally, improvement in PDT
treatment settings and approaches such as the introduction of metronomic PDT or particular
PDT derived treatment called Photochemical Internalisation (PCI) seem to sharpen the
interest in the field of PDT treatments of cancer in clinical practice. Hence, metronomic PDT
presents a great interest in brain tumor treatment and consists in the “PS and light delivery at
very low doses rates over extended period of time (hours-days) which results in tumor-cell
apoptosis with minimal tissue necrosis™'~°.

PCI, on the other hand, aims at the efficient macromolecular drug delivery to target cells
through disruption of endocytic vesicles by PS light activation. Hence, PCI is based on the
concomitant administration of a PS and a therapeutic drug. When internalized by endocytosis,

the drug can be released from this cellular compartment into the cytosol through vesicle

3
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disruption by PS light activation and action. PCI technology enables the release of
endocytosed drugs prior to lysosomal degradation thus, increasing their therapeutic efficacy

within the target cells®' ™.

2. Photosensitizer

The term Photodynamic Therapy was coined by von Tappeiner and JodIbauer more than a
century ago®* for describing a phenomenon involving oxygen for photosensitization reaction.
The pioneering work of von Tappeiner’s PhD student, Oscar Raab, on acridine red’s toxic
effect on malaria-causing protozoa when exposed to light marked the official investigation of
PDT as promising modality for medical applications™.

Among the investigated PS, hematoporphyrin held a privileged position. It was first prepared
in 1841 by Scherer out of dried blood samples®. Then, investigated on paramecium and mice
by Hausmann®’ in 1911, and on humans to assess its acute and chronic photosensitivity by
Meyer-Betz® in 1913. The first selective tumor fluorescence localization was reported by
Policard® in 1924. Hematoporphyrin Derivatives (HpD), a purified version of
hematoporphyrin used in previous studies showed an improved tumor localization and
phototoxic effect. Extensive studies and clinical trials showed the beneficial use of HpD in

tumor detection and PDT-mediated treatment of cancer®**°

and, although it consisted in a
mixture of porphyrin oligomers, led to first approval in 1993 in Canada for bladder cancer
treatment under the trade name Photofrin®.

These first generation PS are however surpassed by the considerable efforts undertaken for
the development of second generation PS with more suitable properties for clinical use such
as improved purity, stability and favorable PK/PD features together with high singlet oxygen

quantum yield, no/low dark toxicity and strong absorbance in optical regions for optimal light

penetration. 443, Figure 4 represents the typical skeleton of most agents used in PDT.
N
|
NH N
N £ \N
=N HN—
N N
N
Porphyrin Chlorin Bacteriochlorin Phthalocyanine

Figure 4. Structures of major PDT agents. The bold lines indicate the 18w aromatic electrons
typical of these compounds.
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In Table 1 some 1% and 2™ generation PS investigated in clinical trials and their potential
therapeutic application in oncology are listed*>***

Table 1. Photosensitizers (1% and 2™ generation) used in clinical trials

Photosensitizers Trade Name Absorption Potential indications
Wavelength

HpD, Photofrin 630 nm  Cervical, brain, oesophageal, breast,

Porfimer sodium head and neck, lung, bladder, superficial
gastric cancers, Bowen's disease,
cutaneous Kaposi's sarcoma,

m-THPC, Foscan 652 nm Oesophageal, prostate and pancreatic

Temoporfin cancer, advanced head and neck tumors

Verteporfin Visudyne 689 nm  Basal and squamous cell carcinomas,.

HPPH* Photochlor 665 nm  Basal cell carcinoma, Oesophageal
cancers

Palladium-bacteria-  Tookad 763 nm  Prostate cancer

pheophorbide

5-ALA** Levulan 630 nm  Skin tumors, head and neck,
gynaecological tumors and basal cell
carcinomas

375-400 nm Brain, head and neck and bladder cancer

photodetection

5-ALA-methylester ~ Metvix 635 nm Basal cell carcinoma

5-ALA hexylester Hexvix 375-400 nm Photodectection of bladder cancer and
colon cancer, Cervical Intraepithelial
Neoplasia (CIN)

Lutetium (III)- Lutex 732 nm Prostate, cervical, breast, brain cancer,

texaphyrin melanoma

SnET2%#%* Purlytin 659 nm Kaposi's sarcoma, cutaneous metastatic
adenocarcinomas, prostate, brain, lung
cancers, basal cell carcinomas

NPe6, mono-L- Talaporfin 664 nm Solid tumors, lung cancer, cutaneous

aspartyl chlorin €6, malignancies

talaporfin sodium

BOPP*#** BOPP 630 nm Malignant gliomas

Zinc phthalocyanine  CGP55847 670 nm Squamous cell carcinoma of upper
aerodigestive tract

Silicon Pc 4 675 nm Cutaneous and subcutaneous lesions

phthalocyanine from diverse solid tumor origins

Sulfonated aluminium Photosens 675 nm Skin, breast, lung, oropharingeal, breast,

phthalocyanine larynx, head and neck cancers, Sarcoma

derivatives M1, epibulbal and choroidal tumors,

eyes and eyelids tumors, cervical cancer

*HPPP: 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-alpha; ** 5-ALA: 5-aminolevulinic
acid; *** SnET2: Tin (IV) ethyl etiopurpurin; **** BOPP: boronated protoporphyrin
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3. Selective Drug Delivery of PS and Protease-Sensitive Prodrugs

Besides PS passively enhanced accumulation in tumors as compared to healthy tissues %%,

selectivity of PS towards diseased tissues can be improved by taking advantage of the
pathophysiological features of the tumor and its environment. Hence, pH variation, increased
receptor and transporter expression as well as increased proteolytic activity have been
identified as potential targets for such improvements***°, The optimization of the PS delivery
aiming at increasing the tumor-to-healthy tissue ratio can be achieved by improved drug

54-56

delivery systems (carriers) such as micelles®, liposomes®>*3, dendrimers®**®, nanoparticles>”

63-68

%2 polymeric drug conjugates or oligomeric drug constructs such as regioselectively

adressable functionnalized templates (RAFT) constructs®®”* bearing both the PS and an active

7214 576 antibodies’"®, ligands®).

targeting moiety (e.g. carbohydrates™="*, peptides
The approach developed in this thesis is the protease-sensitive prodrug approach where
clinically relevant proteases abundantly expressed in neoplastic tissue have been targeted
namely urokinase-like type plasminogen activator, matrix metalloproteinase-2 and cathepsin
B. This approach consists in the PS temporal inactivation through energy transfer between
closely positioned PSs subsequently leading to relaxation of the PS to its ground state upon
excitation with light. Upon proteolytic cleavage of the scissile protease sensitive bond, the
distance between the donor and acceptor increases and results in the local activation of the

prodrug with significant fluorescence signal amplification and ROS production enabling both

photodetection and photodynamic therapy of the tumor.

Molecular beacons where donor and acceptor are tethered through a single protease-sensitive
peptide, polymeric prodrug and RAFT prodrug approaches where multiple PS-protease-
cleavable peptides are carried by the polymeric or the cyclic peptidic templates, respectively,

are illustrated in Figure 5.
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The identification of new PS as hit compounds as well as the pharmaceutical optimization of
PS efficient and selective delivery through the molecular beacon, the protease polymeric
prodrug and the RAFT prodrug approaches has been successfully investigated and achieved in

the present thesis.

In Chapter I, a review on a promising nd generation PS class i.e. Phthalocyanines is
presented with respect to chemical and pharmaceutical developments added to the field of
passive and active targeting of tumors for PDT. Chapter II, investigates the potential
phototoxic effect in vitro of more than 10 newly synthesized phthalocyanines (Pc) as well as
improvement of their phototoxic effect through the polymeric prodrug approach. This chapter
identified one hit compound and proof-of-principle is also given for phthalocyanine improved
phototoxicity through the polymeric prodrug approach (PPP). Hence, phototoxic effect on
cancerous cell lines PC-3, HT1080 and A549 was observed. For instance, at 4 uM of the hit
compound and a light dose of 10J/cm?, 90% of cells were destroyed. Using the same light
conditions, inefficient Pcs could be rendered phototoxic through the improvement of their
water-solubility, notably by the PPP approach used in this chapter and drug doses of 10 uM
enabled 40 to 80% of cellular death. In the following chapters, the polymeric protease
sensitive prodrug approach (PPP) (Chapter III), the Regioselectively Addressable
Functionalized Templates (RAFT) protease sensitive approach (Chapter IV) and the
molecular beacon approach (Chapter V) are investigated in vivo and in vitro with very
promising results. Indeed, successful tumor ablation and mice remission in vivo using PPP
approach was achieved in Chapter III while Chapter IV reports the successful synthesis of
water-soluble PS-RAFT constructs with efficient phototoxic effect on cancerous cell lines at
drug doses as low as 100 nM for a light dose of 10J/cm®. Finally Chapter V gives insights
into the molecular beacon approach and their potential as selective and sensitive probes for
protease fluorescent imaging given their high quenching efficiencies ranging from 95 to 99%
and their promising signal amplification and activation when in contact with the protease of

interest e.g. 20 times increase in fluorescence was observed in vitro.

Thus, the broad spectrum of approaches investigated in this thesis as well as the results
achieved in this work hold great promises for efficient PDT treatment and fluorescence
imaging of tumors. This work gives an opportunity for clinical applications of such

approaches in a wide range of pathologies associated with up-regulated protease levels.
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ABSTRACT

Review published in Molecules 17(1), 98-144, 2011

The purpose of this review is to compile preclinical and clinical results on phthalocyanines
(Pcs) as photosensitizers (PS) for Photodynamic Therapy (PDT) and contrast agents for
fluorescence imaging. Indeed, Pcs are excellent candidates in these fields due to their strong
absorbance in the NIR region and high chemical and photo-stability. In particular, this is
mostly relevant for their in vivo activation in deeper tissular regions. However, most Pcs
present two major limitations, i.e., a strong tendency to aggregate and a low water-solubility.
In order to overcome these issues, both chemical tuning and pharmaceutical formulation
combined with tumor targeting strategies were applied. These aspects will be developed in
this review for the most extensively studied Pcs during the last 25 years, i.e., aluminium-,

zinc- and silicon-based Pcs.

KEY WORDS: biomedical optics; fluorescence diagnosis; phthalocyanines; NIR dyes;

photodynamic therapy
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1. Introduction

The first syntheses of metal-free and copper phthalocyanines were reported in 1907 by Braun
and Tcherniac at the South Metropolitan Gas Company (United Kingdom) and in 1927 by
Diesbach and von der Weid at the University of Fribourg (Switzerland). A few years later,
Professor Linstead in collaboration with Imperial Chemical Industries (ICI) was the first to
characterize the chemical structure of the phthalocyanine molecule, using for the first time the

term “phthalocyanine™ .

Nowadays, phthalocyanines are widely used in the dying industry. Nearly a quarter of all
pigments of organic origin are related to this class of compounds. Furthermore, they are used
for the fabrication of high-speed and high resolution optical media®, as light harvesters in
photovoltaic applications®, and as experimental catalysts in redox reactions®. These dyes
absorb strongly in the red and near infrared (NIR) part of the visible spectrum providing them
with their characteristic blue or greenish color. Pcs that absorb in the NIR are especially
interesting for photomedical applications such as fluorescence imaging, Photochemical

Internalisation (PCI), and Photodynamic Therapy (PDT)" .

Just recently Photochemical Internalisation (PCI), a novel drug delivery process, has shed
light on the importance of phthalocyanines and their applications in oncology'> . The PCI
technology is based on the concomitant administration of a therapeutic agent and a
photosensitizer. When internalized by endocytosis and consequently colocalized in the
endosomes and/or lysosomes, light activation of the PS will subsequently lead to vesicle
disruption and release of the therapeutic agent. Indeed, PCI technology enables the release of
endocytosed drugs prior to lysosomal degradation, thus, increasing their therapeutic efficacy
within the target cells. Among the photosensitizers used in PCI, the amphiphilic disulfonated
aluminium phthalocyanine AlPcS,,q; displays all the required features and characteristics such
as specific insertion of the hydrophobic part of the PS into the endocytotic membrane. Due to
its amphiphilic character, AIPcS,,q; “intrudes into the plasma cell membrane, but is unable to

penetrate through the plasma membrane and will enter the cells via adsorptive endocytosis” '°.

14,17,18

The concomitant administration of a drug such as gelonin or bleomycin will, after

internalization lead to vesicle disruption and intracellular release of the drug upon light

activation'*'%%°,

As mentioned previously, phthalocyanines strongly absorb in the NIR, and have been

proposed for PDT of cancer as early as 1985*"*2. Under some circumstances PDT treatment
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presents several advantages over conventional cancer therapies such as chemo, radiation and
surgical treatments. It enables selective destruction of malignant tissues due to specific
interaction of three individually non-toxic components i.e., a photosensitizer (PS), light and
oxygen. PS selective accumulation in tumor combined with its controlled light activation

enables selective destruction of tumors, sparing neighboring healthy tissue.

Although today the selectivity of PS is not fully understood, it is thought to be a multifactorial
process including physico-chemical properties and binding to plasma proteins as well as the
particular characteristics of tumors such as leaky vasculature, low lymphatic drainage,
expression of specific enzymes and receptors and pH variation. Depending on its cellular and
intracellular localization/relocalization, PS exhibits direct and indirect cell killing, vascular

. . . 2324
occlusion, release of cytokines and the response of the immune system®~*.

Photofrin® (Table 1) was the first photosensitizer approved for clinical use in 1993 for the
treatment of bladder cancer. Since then it gained marketing for the prophylactic treatment of
several cancers such as the treatment of early-stage oesophagal, gastric, cervical and lung
cancers”**. However, this first generation photosensitizer has several limitations with respect to

. .. . ..23.25.2
its clinical use since it 32528 .

e [s composed of a undefined mixture of hematoporphyrin derivatives (HpD);
e Induces a long-lasting skin photosensitization (2 to 3 months post injection);
e Has a low extinction coefficient at wavelengths for optimal tissue penetration;

e Displays a limited selectivity for the target tissue.

Therefore, considerable efforts have been undertaken to prepare 2™ generation PS with more

29-31

suitable features such as:

= Single and chemically pure compound;

= Stability and good solubility in pharmaceutically acceptable formulations and in
biological media;

= Low tendency to aggregate;

= High singlet oxygen quantum yield;

= Photostability;

=  Fluorescence;

= Low phototoxicity towards healthy tissue;

= No dark toxicity;
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= Fast clearance from the healthy parts of the body and specific retention in diseased
tissues;

= Strong absorbance in NIR region and minimal absorbance between 400 and 600 nm.

In order to avoid skin photosensitization, the PS has to present the lowest absorbance in the
spectral range where daylight intensity is the highest, i.e., between 400 and 600 nm.
Moreover, strong absorbance in the NIR region between 600 and 900 nm favors the optimal
penetration of light into tissues, thus resulting in more efficient PDT effects when treating
deeper lying lesions. However, absorption by water molecules increases for wavelengths
above 800 nm and at higher wavelength energy transfer to molecular oxygen is suboptimal.
Hence, the window for optimal light penetration ranges from 600 to 800 nm. These
considerations are based on the assumption that healthy and diseased tissues have the same
absorbance of light, which in reality is not the case. Finally, 94 kJ/mol appears to be the
minimal energy required by a photon to induce singlet oxygen 'O, formation. This energy

corresponds to a wavelength of approximately 1,270 nm*> .

In Table 1 some 1% and 2™ generation PS investigated in clinical trials and their potential

therapeutic application in oncology are listed (see also Figure 1 for their chemical structures).

Table 1. Examples for PS used in clinical and preclinical trials in oncology?®*2>40-2

. Absorption . ..
Photosensitizers Trade Name P Potential Indications
Wavelength
Photofrin, Cervical, brain, oesophageal, breast,
HpD, Photogem, 630 nm head and neck, lung, bladder, superficial
Porfimer sodium Photosan, gastric cancers, Bowen's disease,
Hemporfin cutaneous Kaposi's sarcoma
m-THPC., Foscan 652 nm Oesophageal, prostate and pancreatic
Temoporfin cancer, advanced head and neck tumors
Verteporfin Visudyne 689 nm Basal and squamous cell carcinomas
HPPH,
2-(1-hexyl thyl)-2- .
(1-hexy o_xye 2 Basal cell carcinoma, Oesophageal
devinyl Photochlor 665 nm
. cancers, Head and Neck tumors
pyropheophorbide-
alpha
Palladlum-ba(_:terla- Tookad 763 nm Prostate cancer
pheophorbide
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Table 1. Cont.
. Absorption . .
Photosensitizers Trade Name b Potential Indications
Wavelength
Skin tumors, head and neck,
630 nm naecological tumors and basal cell
5-ALA, gy g .
5-aminolevulinic acid Levulan carcinomas
Brain, head and neck and bladder cancer
375-400 nm .
photodetection
5-ALA-methylester Metvix 635 nm Basal cell carcinoma
5-ALA benzylester Benzvix 635 nm Gastrointestinal tumors
5-ALA hexylester Hexvix 375400 nm Photodectection of bladder cancer
Lutetium (111)- . . .
utetiu .( ) Lutex, Lutrin, Prostate, cervical, breast, brain cancer,
texaphyrin or . . 732 nm
. ) Antrin, Optrin melanoma
Motexafin-lutetium
. Kaposi's sarcoma, cutaneous metastatic
SnET2, Tin (1V) ethyl ) . .
. ( .) y Purlytin, Photrex 659 nm adenocarcinomas, prostate, brain, lung
etiopurpurin .
cancers, basal cell carcinomas
NPe6, mono-L-aspartyl . .
. P . y Talaporfin, Solid tumors, lung cancer, cutaneous
chlorin €6, talaporfin . 664 nm . .
. Laserphyrin malignancies
sodium
BOPP, boronated . .
’ . BOPP 630 nm Malignant gliomas
protoporphyrin
. . Squamous cell carcinoma of upper
Zinc phthalocyanine CGP55847 670 nm f . PP
aerodigestive tract
. . lesi
Silicon phthalocyanine Pc4 675 nm Cutaneogs and sub_cutaneous _e§|ons
from diverse solid tumor origins
Mixture of sulfonated Skin, breast, lung, oropharingeal, breast,
aluminium larynx, head and neck cancers, Sarcoma
. Photosens 675 nm . .
phthalocyanine M1, epibulbal and choroidal tumors,
derivatives eyes and eyelids tumors, cervical cancer
ATMPn, Acetoxy-
tetraki .
elraxis NA 600—750 nm Skin cancer
(B-methoxyethyl)-
porphycene
TH9402, Breast, myeloma, non-melanoma skin
dibromorhodamine NA 515 nm My ’

methyl ester

cancer
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Figure 1. Chemical structures of clinically relevant “non-phthalocyanine” photosensitizers
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Another appealing feature of Pcs is the ease of the introduction of peripherial and axial
substituents that can be used to fine tune absorption and emissions characteristics.
Phthalocyanine dyes with absorptions bands as high as 1,000 nm with suitable fluorescence
quantum yields can be prepared™. Therefore, Pcs are potentially interesting as fluorescence
reporters for in vitro and in vivo imaging that can replace commonly used fluorophors such as
fluorescein and indocyanine green. Two of such compounds, “La Jolla Blue® and

“IRD700DX®” are commercially available as labeling agents for proteins, peptides®*>°,

56-60 61-65

antibodies and oligonucleotides

This review intends to compile preclinical and clinical data accrued with Pcs as PS for PDT.
However, it has to be noted that the presented concepts can be easily translated into the use of
similar compounds for the fluorescence diagnosis of disease. Thereby, we will mainly focus
on the most extensively studied Pcs, i.e., Pcs containing Al, Zn, and Si as central metal ion. At
first we will briefly describe how chemical modulation of Pcs, alters their Structure-Activity
Relationship (SAR). Then, since most Pcs are barely soluble in pharmaceutically acceptable
formulations special emphasis will be placed on the impact of pharmaceutical formulation on
their therapeutic efficiency. And finally, different tumor targeting strategies that have been

exploited with Pcs will be discussed.
2. Phthalocyanines

Pcs belong to the group of 2™ generation PS which exhibit a high extinction coefficient
around 670 and 750 nm and even up to 1,000 nm. Variation of the axial and peripheral
substituents modulates the tendency for aggregation, pharmacokinetics, biodistribution,
solubility, as well as fine-tuning of NIR absorbance®. Extinction coefficients higher than
10°M'em™" have been reported**®®. These compounds are porphyrin-like PS, displaying
tetrapyrrolic, aromatic macrocycles with each cycle linked to the other by nitrogen atoms.
Each pyrrolic ring is extended by a benzene ring resulting in the red-shift of their final
absorption band®"¢"%. Figure 2 shows the general chemical structure of Pcs and nomenclature

as well as typical absorption and emission spectra.
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Figure 2. (a) General chemical structure of metallated phthalocyanines; (b) Typical
absorption and emission spectra of metallated Pc (e.g., zinc based phthalocyanine in DMSO).

Lowering of the symmetry of the phthalocyanine molecules results in splitting (or
broadening) of the Q bands. This splitting is due to the lifting of degeneracy of the lowest
unoccupied molecular orbital (LUMO) to a varying extent. It is also well established that
expansion of © conjugation in phthalocyanines shifts the Q band to the red. Extension of the
conjugation system is accompanied by change in colour from blue/green to colors including
brown, red or purple. The location of the Q band in Pc complexes can be adjusted by
attaching suitable substituents onto the peripheral and non-peripheral positions of the ring and

by the change in the nature, size and number of substituents. Addition of electron donating
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groups such as —NH,, OR and SR at the non-peripheral (1,4,8,11,15,18,22,25) or peripheral
(2,3,9,10,16,17,23,24) positions of the Pc ring results in red shift to the NIR region.
Substitution at the non-peripheral position shows more red-shift than at the peripheral
position®.

Besides their strong absorption in the NIR, Pcs exhibit low absorption at wavelengths
between 400 and 600 nm leading potentially to a lower skin photosensitization when exposed
to sunlight®'. Moreover, the presence of a diamagnetic central metal such as Zn*" and AI’" in
the Pc nucleus seems to improve the triplet state life time (t;), as well as its yield (®;) and
singlet oxygen yields (®,) compared to paramagnetic metals (e.g., @p > 0.7, ®;> 0.4 and 1, =

750 ps for AlPcS, in solution with human serum albumin)30’48’67’70

. However, the metallation
is not required for its photodynamic activity. Indeed, Feofanov et al.”' and Karmakova et al.”?
reported efficient antitumor activity of a mixture of metal-free sulfonated phthalocyanines
with an average number of sulfonated groups of 2.4 in vitro on human epidermoid carcinoma

cells HEp2 and in vivo on mice bearing murine P-388 lymphoma cells, respectively.

On the other hand, Pcs with good fluorescence quantum yields up to 0.6 have been reported.
This, together with their high photostability compared to commonly used labeling agents
should have placed this group of compounds into the upper part of the list of NIR
fluorescence reporters. As an example IR700DX" is about 20 times more stable than Cy5.5 at
similar irradiation intensities and wavelengths. However, despite these photophysical and
spectral characteristics the use of Pcs as labeling agents for fluorescence imaging or in PDT is

still limited.

2.1. Aluminium Based Phthalocyanines

2.1.1. Aluminium Sulfonated Phthalocyanines—SAR

Sulfonated phthalocyanines bearing a central aluminium ion have been extensively studied in
vitro as well as in vivo. They display potent photodynamic activity on cell lines including
G361 human melanoma cells’, pancreatic carcinoma cells (H2T)”*, and human fibrosacroma
cells (HT-1080)", as well as in vivo on rat (CBH rats) bearing fibrosarcoma (HSN/TC/7)™®.
These early studies indicated a strong dependence of the photodynamic efficiency on the

degree of sulfonation, later systematically assessed by Chan et al.””".
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At this point one has to keep in mind that earlier reports on aluminium sulfonated
phthalocyanines can be sometimes misleading due to the designation as AlPcS,4 or as AlPcS
of the commercially available product from Ciba-Geigy, which nevertheless consisted of a
mixture of mono, di-, tri- and tetrasulfonated chloroaluminium phthalocyanines with an
average degree of three sulfonated substituents. Thus, in this review, we will refer to this
mixture as AIPcS, whereas AIPcS, will be used to qualify the pure tetrasulfonated Pc, keeping
in mind that even these more defined compounds will be mixtures of regio- and
stereoisomers. Furthermore, some early works did not disclose the identity of the axial ligands
which could be chloride (Cl) as well as hydroxy (OH) groups. Since most reported studies
focus on the effect of sulfonation with respect to PDT, no further distinction according to their
axial ligand will be made here. Finally, the ICs, values reported in this review cannot be
compared from a study to another since this value depends among other things on the applied
light doses.

Interestingly, AlPcS; has shown promising in vivo results in the treatment of malignant

. 1
gliomas®®

. Wistar rats inoculated intracranially with C6 glioma cells, responded within 5
days to intravenous injection of AIPcS, in saline solution at a dose of 5 mg/kg and irradiation
6 h post administration at a dose of 100 J/cm®. However, upon illumination at a light dose of
200 J/em?®, AlPcS4-mediated PDT neurological symptoms (e.g., brain damage and oedema)
appeared, while light alone had no effect. Higher light doses lead to death in mice bearing
intracerebrally implanted VMDk murine glioma cells as reported by Sandeman et al.,

presumably concomitant with hyperthermic effects in the irradiated areas™.

2.1.2. Influence of the Degree of Sulfonation

In 1990, Chan et al. reported that in vitro monosulfonated chloroaluminium phthalocyanine
(AlPcS|) was taken up faster, retained to a higher degree and showed higher phototoxicity in
murine colorectal carcinoma (Colo-26) cells than higher sulfonated analogues (i.e., di, tri and
tetrasulfonated chloroaluminum phthalocyanine; referred to as AlPcS,, AlPcS; and AlPcS,
respectively)’’. Furthermore, comparison of light doses necessary for efficient PDT on WiDr
cells cultured in monolayers and as spheroids revealed that spheroids were less sensitive to PDT

than cells grown in monolayers’".

In contrast to in vitro experiments, an inverse tendency with respect to tumor accumulation
and phototoxicity was observed when PDT was perfomed with this series of sulfonated Pcs in

vivo. In BALB/c mice inocculated with Colo-26 tumors AlIPcS; had essentially no effect on

27



Chapter 1

tumor regression in contrast to the higher sulfonated compounds following the order AlPcS, >
AlIPcS; > AlPcS, ”’. This discrepancy can be assigned to differences in pharmacokinetics and
biodistribution of these compounds due to their differences in hydrophilicity’™. As
suggested by Chan et al., the fast clearance of highly sulfonated Pcs after intravenous

administration can be circumvented by intraperitoneal application for these compounds’’.

Later, Chan et al. showed that AIPcS, was more potent than AIPcS; and AIPcS,, despite its
lower accumulation in tumor xenografts. This suggests different PDT mechanisms of these
compounds with respect to cell killing, vasculature occlusion, and intracellular localization’.
Interestingly, the highest in vitro efficiency of AlPcS; over other more hydrophilic aluminium
sulfonated Pc was already demonstrated in 1988. The same tendency was later confirmed by
Peng and Moan™. When injected intraperitoneally AlPcS, was the most efficient PS followed
by AlIPcS4, Photofrin, and AlPcS;. The best efficiency was observed with a drug dose of
10mg/kg and light exposure 2 h post-administration.

Moreover, the relative position of sulfonate group seems also to influence Pcs photoactivity.
Indeed, AIPcS; bearing adjacent sulfonated side-group (AlPcS,.q;) rather than opposite side-
substitution exhibited the best cell penetration and were the most phototoxic compounds
amongst the sulfonated aluminium phthalocyanine serie, presumably due to their amphiphilic
properties™*. Therefore, the phototoxicity of mixed AISPc in vivo should be related mostly to
photoactivity of AIPcSy,q; isomers™* . In a recently reported study, Mathews et al. compared
the phototoxic effect of AIPcSy,4 to 5-aminolevulinic acid (5-ALA) on healthy brains in
mice®. Based on PDT-induced and higher mortality rates, AIPcS,,q; was considered to be a
more potent photosensitizer than 5-ALA. Moreover, in a comparative study, Gupta et al.*
reported that liposomal formulation of AlPcS, resulted in a higher phototoxic effect as

compared to its free form on human glioma cells (BMG-1) despite its lower uptake by the

cells.

Despite the higher efficiency of AlPcS, compared to other sulfonated aluminium
phthalocyanines, extensive efforts and studies have been realized with the objective of further
improving the pharmacokinetic properties and selectivity of the commercially available

AIPCS4.

Allen et al.zé, tested sulfonamides with an alkyl chain of 4, 8, 12 and 16 carbons to one of the
sulfonated groups in AISsPc (Figure 3) and compared induced photodynamic effects to
AlIPcS,4 in mice bearing EMT-6 tumors. They concluded that at doses of 0.2 pumol/kg, all
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tested AlPcS4-derivatives induced tumor regression and were more effective than AIPcS,,q; or
AlPcS4. Moreover, with increasing alkyl chain length increased photodynamic efficacy was
observed. In these experiments, AIPcS4 had no effect at doses up to 5 umol/kg, and 1 pmol/kg

of AIPcS,.q; was needed to induce 87% of tumor cure.
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Figure 3. A homologous series of AlPc alkylsulfonamides

2.1.3. Photosens®

Photosens”, a mixture of aluminium chloride phthalocyanines with 1 to 4 sulfonated side-
groups with an average sulfonated degree of 3, was developed at the General Physics Institute
of the Russian Academy of Sciences. It has been evaluated in vivo for the treatment of
sarcoma M1*’, epibulbal and choroid tumors®®, eye and eyelid related tumors®, bladder and

cervical cancer’>”!

. In a clinical trial that included 47 patients composed of 35 women
presenting pre-cancerous lesions of cervix and 12 women with non-invasive cervical lesions,
a Photosens® dose of 0.3 mg/kg was applied. Twenty four hours post administration, lesions
were irradiated with a light dose between 150 and 200 J/cm” at 675 nm. No PDT-related pain
was reported. Out of these two subgroups, 94.2% and 83.4% of the patients, respectively,
responded fully to the treatment with complete tumor regression, with significant regression
for 2.9 and 8.3% of the women. Moreover, the same percentage of women showed stabilized

disease status. The remaining percentages correspond to the patients who responded only

partially to the treatment. Today, Photosens” is commercialized in Russia by NIOPIK.

29



Chapter 1

2.1.4. AlPcS-Conjugation to Tumor Targeting Moieties

Except for AlPcS;, aluminium sulfonated Pcs are readily soluble in aqueous media. Thus,
most formulation efforts were aiming at increasing Pc accumulation and uptake by the tumors

through the increase of the circulation half life or cellular/subcellular targeting.

The tetraglycine derivative Al(SO,Ngy)s and a mono-substitued AlPcS; containing one
6-aminohexanoic acid spacer (AlPcS4A|) have been exploited for protein conjugation. The
conjugation of AlS4Pc to monoclonal antibodies (Mab) lead to an enhanced phototoxicity in
different cell lines such as human colon carcinoma L0V092, modified human ovarian
carcinoma cells SKOV3-CEA-1B9 (SKOV cells transfected with carcinoembryonic antigen
(CEA) cDNA and expressing two target antigens CEA and ErbB2)®, and various squamous
carcinoma cells including UM-SCC-11B, UM-SCC-22A, UM-SCC-22B, A431, SCV-7 and
OE6:93

Moreover, in vivo biodistribution studies on tumor bearing mice revealed that these
conjugates presented an increased selectivity toward the malignant tissues compared to free
AlPcS,. Indeed, when 12 identical Pcs were conjugated to a 35A7 Mab directed against CEA
(35A7 Mab-(AlPcS4A1)12), a tumor-to-muscle ratio and tumor-to-skin ratio of 33 and 8,
respectively, was reported in nude mice bearing a human colon carcinoma Xenograftgz. In a
subsequent study, the photodyanmic efficiency was further improved using an internalizing

antibody (FSP77) directed against ErbB2.

In vitro, SKOV3-CEA-1B9 showed a fast uptake of FSP77Mab-(AlPcS4A )¢ and a higher
phototoxic efficacy (i.e., 96% vs. 68% of growth inhibition) as compared to the corresponding
35A7 Mab (AIPcS4A|)s . These studies are in agreement with the results reported by
Vrouenraets ef al. **** Pcs conjugated to internalizing Mabs, i.e., SCC-Mab 425 and Mab U36,
were photodynamically more effective than the corresponding non-internalizing Mab E48.
Furthermore, the Mab 425-AlPcS4 was 7,500 times more effective in vitro than free AIPcS,. It
has to be noted also that the loading of PS per Mab can be tuned through different conjugation
methods. Indeed, by introducing a five carbon spacer chain between the Mab and AlPcS,,
Carcenac et al. °> were able to link up to 16 AIPcS4A, entities to the proteins whereas Vrouenraets

et al. could only conjugate four Al(SO,Ngy)s without affecting its solubility.

Later, Vrouenraets et al. tested three different Mabs [BIWA 4 (bivatuzumab), E48 and 425]
on five different SCC cell lines (22A, 22B A431, SCV-7 and OE) *°. PS conjugation to the
aforementioned Mabs resulted in a higher phototoxicity compared to free AIPcS4. BIWA 4-
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AlIPcS4 showed highest phototoxicity in all the five cell lines, exhibiting an ICsy as low as
0.06 nM as compared to ICsp > 700nM for the free PS. Interestingly, the effect of the other
Mabs varied depending on the cell line but not on the internalizing efficiency of the particular
Mab. Mab E48-AlPcS, conjugate was more active on 22A than on 431 cells, while Mab 425-
AlIPcS4 conjugate had the opposite effect. After determination of Pc’s cell binding and
internalization, the authors suggested that the phototoxicity of these conjugates was more

dependend on the overall cell binding than on their cellular internalization.

Overexpression of the low density lipoproteins (LDL) receptor has been reported for several
tumors allowing the internalization of LDL proteins into the cell”. Therefore, Urizzi et al.”
conjugated AlS4Pc to LDL either via covalent linking of a bisulfonated substituent of AIPcS,4
through a 5-carbon spacer chain [(AIPcS4A;): aluminium di-(6-carboxypentylaminosulfonyl)-
tetrasulfophthalocyanine) or non-covalent linking to the phospholipidic region of LDL
(AIPcS4(Ci2)]. Loading ratios of 72:1 and 61:1 for AlPcS4A,-LDL and AlPcS4(C;,)-LDL,

respectively, have been reported to be the most stable formulations.

These compounds were tested in vitro on EMT-6 and A549 cells. After 2 h of incubation with
the conjugates or with free AIPcSs, AIPcS4(Cyy)-LDL displayed a 10-fold higher
phototoxicity effect than AIPcS4A,-LDL. This has been ascribed to the increased aggregation
tendency, higher scavenging of ROS products, and alteration of the conjugate interaction with

cellular receptors when Pc was covalently coupled to the protein.

Interestingly, free AIPcS4 and AlPcS4A, were devoid of any photocytotoxic effects under the
same conditions. A possible reason for this lack of photoxic activity could be the negative net

charge of these Pcs, leading to a different cellular uptake and/or intracellular localization.

Further in vivo studies on mice bearing EMT-6 allografts were performed comparing free
AlIPcS4 to AIPcS4(Ci2) and AlPcS4(Ci2)-LDL conjugate. No difference in tumor response was
reported for both conjugates. As compared to free AIPcS4, 25 times lower drug doses could be
used to induce similar responses. Moreover, the post-treatment oedema regressed within 3—4
days post-PDT. The similar phototoxic effect of free and AlPcS4(C2)-LDL conjugate can
presumably be attributed to binding of the free Pc to plasma proteins (e.g., LDL) and

redistribution post injection.

Overexpression of gastrin-releasing peptide-receptors (GRPR) have been associated with
many cancerous conditions such as ovarian, breast, prostate and lung cancer’. Since

bombesin is the amphibian homologue of the human gastrin releasing peptide’® a recent study
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reported an attempt to target human prostate tumor cells PC-3 by conjugating AlPcS4 to

bombesin.

However, due to the conjugation of bombesin to the AIPcS, (Figure 4), the binding affinity to
GRPR was about 40 times lower for the conjugate as compared to bombesin, certainly
resulting in a loss of specificity and a moderate phototoxicity’. Nevertheless, the
photoactivity of the conjugate was 2.5 and 5 fold higher than AIPcS4A; and the free
tetrasulfonated aluminium phthalocyanine, respectively, in vitro.
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Figure 4. Chemical structure of the bombesin-AlPcS, conjugate 5 for the targeting of GRPR

2.1.5. AIPcS4-Formulation using Targeted Delivery Systems

Simple liposomes are usually unstable upon systemic administration and rapidly cleared from
the body. However, the incorporation of PEG-derivatized phospholipids in the bilayer of
liposomal membranes generally prolongs their circulation time. This property of PEGylated
liposomes coupled to additional tumor targeting moiety such as transferrin was exploited by

101

Gijsens et al. in vitro'™ and in vivo'®'. In HeLa cells, expressing approximatively 2 x 10’

1'%, transferrin conjugated PEG-Liposomes containing AlPcS,

transferrin receptors per cel
(Tf-Lip-AlPcS4) were 10 times more efficient than free AIPcS4 (ICsyp of 0.63 uM vs. 6.3 uM,
respectively) while non-Tf conjugated AlPcS, liposomes (Lip-AlPcS4) were less potent than
free PS. Indicating that non-targeted liposomes are only poorly taken up and additionally,

show only limited release of their content into the cells'®”.

Initially, the same tendencies were confirmed when these formulations were tested on AY-
27 cells'”'. However, in a rat bladder model using the same cell line no or only moderate
accumulation of all liposomal formulations was observed. However, pretreatment with a
chondroitinase breaking the epithelial glycocalyx resulted in a selective retention of Tf-Lip-

AlPcS,. On the contrary, free AIPcS; was detectable with or without the enzymatic

32



Chapter 1

pretreatment of the bladder but with a lower selectivity. The reported tumor-to-normal tissue
ratio and tumor-to-submucosa/muscle ratio for Tf-Lip-AlPcS; were 18:1 and 78:1,

respectively.

Qualls er al.'® encapsulated AIPcS; into pH sensitive liposomes using 1,2-di-O-
(Z—1'-hexadecenyl)-sn-glycero-3-phosphocholine (DPPIsC) an acid labile lipid. Moreover,
folate-polyethyleneglycol 3350-distearoylphosphatidylethalonamine (Folate-PEG3350-DSPE)
was incorporated for targeting of folate-receptors in order to promote the receptor-mediated Pc
internalization. The liposomes were subsequently tested in vitro on folate receptor expressing
human nasopharyngeal cancer cells. It was found that DPPIsC-folate liposomes were taken up
faster and were photodynamically more active than the free AIPcS, confirming earlier studies
with similar liposomes on colorectal carcinoma cells C170 cells by Morgan et al.'®.
Moreover, it was shown in vitro that the targeting moiety rather than the pH sensitivity of the

delivery system dominated the photocytotoxicity of the PS'®.

2.1.6. AICIPc—SAR

Modulation of the axial substituents is another way to modulate the pharmacological,
pharmaceutical as well as optical properties of Pcs. As confirmed by Chan et al., Ben Hur initially
reported that a simple Pc carrying a chlorine as counterion (AICIPc, 6, Figure 5) was

photodynamically more active than its sulfonated counterparts79’105

. In order to further improve
these compounds systematic studies with different alterations of the axial substituents have been
undertaken. Decreau et al'® reported increasing phototoxicity with increasing the
hydrophobicity of AICIPc derivatives. Indeed, when incorporated into liposomal (Egg Yolk
Lecithin based liposomes) or emulsion (Cremophor EL based emulsion) formulations, the
hydrophobic aluminium Pc (AlPc) derivatives such as 7 and its cholesterol derivative 8
(Figure 5) were more phototoxic than 6. After 1 h incubation of achromic M6 melanocytes
with liposomal formulations of 6 or its derivatives the drug dose required to induce 50% of

the cell death was 10_8, 3x10%and 7 x 10 M for 8, 7, and 6, respectively. This was further

improved by a factor of approximatively 10 by using Cremophor EL based emulsions.
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Figure 5. Chemical structure of AIPc 6-10'%'"
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Brasseur et al.

polyvinylalcohol (PVA; 13,000-23,000) axially to AlPc (Figure 5). The resulting steric

conjugated polyethylene glycol [PEG; molecular weight (M.W.) of 2,000] or

hindrance combined with the increased water-solubility provided by the axial polymeric
ligands, was expected to enhance the efficacy of such AlPc derivatives. In vitro, after 1 h of
incubation, the hydrophobic 6 was 3 times more potent in EMT-6 cells to induce 90% of cell
death than its axially derivatized counterparts. Interestingly, in in vivo experiments, 10
showed the longest half-life (6.8 h vs. 23 min for AIPc-PEG and 2.6 h for 6 in Cremophor
EL), the lowest retention in the liver, spleen and lung and most importantly the highest tumor
accumulation. Tumor-to-skin and a tumor-to-muscle ratios of 12 and 27 respectively after 24h
post injection in EMT-6 tumor bearing mice have been reported whereas, 9 exhibited the
lowest half-life and accumulation in tumor. Thus, the axial substitution of AlPc with PVA
could exert the same efficiency as 6 formulated in Cremophor thereby avoiding potential risk

factors such as anaphylactic reactions'*®.

2.1.7. AICIPc-Formulation

Besides the use of Cremophor EL based emulsions, some efforts have been reported on the
formulation of AICIPc (6) in suitable delivery vehicles aiming at improving the photodynamic

outcome of AICIPc-based PDT such as polymeric pH-sensitive micelles.

Micelles are usually aimed at entrapping hydrophobic drugs in their lipophilic core mostly to
enhance their bioavailability and to make them suitable for systemic administration.
Furthermore, owing the Enhanced Permeability and Retention effect (EPR effect), micelles
from 5 to 50—100 nm allows the preferential accumulation of drug into tumors'®''’. Indeed,

abnormalities at tumor sites i.e., defective and leaky neovasculature, low lymphatic drainage
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and limited venous return, enable drug accumulation and retention in tumors' 112, Moreover,
pH-sensitive micelles are expected to enable specific tumor delivery of the therapeutic agent

based on the physiological differences between healthy and cancerous tissues'".

It was demonstrated in vitro that pH-sensitive Polymeric Micelles (PM) of N-
isopropylacrylamide (NIPAM) copolymers loaded with 6 were photodynamically more active
than 6 in a Cremophor formulation on EMT-6 cells''®. Furthermore, the terminally alkylated
NIPAM copolymers loaded with 6 were less efficient in vitro than its randomly alkylated

counterpart.

In vivo, 6 encapsulated in PM exhibited a rapid clearance and a low accumulation compared
to the Cremophor formulation. However, despite these unfavorable pharmacokinetic
characteristics, 6 in PM showed a “similar phototoxic activity to that of the Cremophor

formulation”' .

Trials to decrease PM clearance and thus improve their phototoxicity by incorporating
hydrophilic N-vinyl-2-pyrrolidone (VP) units into NIPAM copolymers failed; mainly due to

increased accumulation in the lungs and unchanged uptake by tumor cells''°.

The intrinsic insolubility of AICIPc in aqueous media represents certainly a drawback if
systemic administration of the drug is desired. However, in case of topical application, for the
treatment of non-melanoma skin cancer the aggregation of the Pc can be circumvented by the
use of pharmaceutically acceptable solvents that both enable the dissolution of the drug and
additionally enhance the permeability of the skin such as DMSO'". In a study conducted by
Kyriazi et al.“g, AICIPc was diluted in a mixture of DMSO, Tween 80 and water and tested
on albino mice (SKH-HRI1) and SKH-HR2 (with melanin) bearing UV-induced skin
carcinomas. Irradiation was performed both on the tumor and also on the normal skin
surrounding the tumor. Optimal tumor response in terms of “highest percentage of mice in
complete remission” was obtained, with a light dose of 150 J/cm” and a fluence rate of
75W/cm®. Furthermore, the formulation enabled a 40 times more selective uptake of the drug
by the tumors compared to normal skin after 1 h post-administration. Interestingly, better
therapeutic outcome was achieved when lower fluence rates were applied. This observation is
in agreement with other studies conducted on mTHPC and 5-ALA photosensitisers and was

related to the lower consumption of oxygen under these conditions' "',
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2.2. Zinc Based Phthalocyanines

2.2.1. ZnPc—SAR

As mentionned in Section 2.1.1, providing permanent negative charges through sulfonation to Pcs
increases their solubility in aqueous media. Wohrle er al. reported'?' that amphiphilically
sulfonated ZnPcs such as the mono- and disulfonated phthalocyanines are more potent and
effective than their tri- and tetrasulfonated counterparts in vivo. Comparing Zn and Al substituted
analogs, they found the following pattern of photodynamic efficacy: AIPcS, = ZnPcS; > AlPcS; >
AlPcS; = ZnPcS, > AlPcS, > ZnPcS,.

In 1997, Kudrevich et al. '** conducted in vitro and in vivo experiments on Balb/c mice bearing

EMT-6 tumors using a series of trisulfonated, amphiphilic water-soluble ZnPc derivatives (Figure

6).
W RS
— AN
/ —
N/ M
N
_ \ NZ=N7 N
- : )
HO;S—— N—2n—N || ——sosH N = 5 \
' ) HO,S—— N—Zn—N_ || -—so;H
N ™\ NS " /
— N~ N\ N
SO;H |
SO;H

11: R ,=t-butyl, R,=H
13
12: R =R,=
t-butyl

Figure 6. Structures of compounds 11, 12 and 13'*

In vitro compounds 11 and 12 were two and more than five times more potent than the tri and
tetrasulfonated zinc phthalocyanines, respectively, whereas compound 13, exhibited the
lowest phototoxicity probably due to its poor cellular uptake caused by the “bulky
diphenylpyrazino substituent”. /n vivo, no tumor regression could be noticed with 13 and
ZnPcS;. However, in almost 90% of the mice treated with 5 umol/kg of compounds 11, 12,
and ZnPcS,4 no palpable tumors have been detected three weeks post-PDT. It was suggested
that the amphiphilic character of 11 and 12 decreases the aggregation tendency, thus
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increasing photoactivity and tumor uptake. Moreover, due to the higher conjugation extent, a

bathochromic shift of the Q-band (i.e., 706 nm) was induced.

Based on the experiments evaluating the impact of amphiphilicity on photodynamic activity
with aluminium sulfonated phthalocyanines, there have been numerous attempts to increase
the amphilic character of zinc sulfonated phthalocyanines. In one of their studies, Cauchon et
al.'® compared the photodynamic efficiency of different trisulfonated phthalocyanines

bearing one alkyl chain containing between n =2 and 16 carbon atoms (ZnPcS;(C,)).

In vitro studies revealed that ZnPcS;(Co) exhibited the highest cellular uptake and
photocytotoxic effect on EMT-6 cells, while the other hydrocarbon substituted
phthalocyanines were less efficient. The structure-activity relationship to induce 90% cell
death of these compounds followed a typical hyperbolic curve also observed for other
homologous series of photosensitizers'**. However, the most potent compound in this study
was the disulfonated zinc phthalocyanine with two sulfonic groups positioned adjacently
despite a lower cellular uptake which can be explained by different intracellular localization

upon internalization.

In a series of different ZnPcs, disulfo-di-phthalimidomethyl zinc phthalocyanine (ZnPcS,P, =
14) (Figure 7) has been shown the highest photodynamic activity in Human myelogenous
leukemia HL60 cells, K562, FGC85, SGC7901 and LCC carcinoma cell lines'* 1?7,
Moreover, when administered to mice bearing S180 and U14 solid tumors'*® in a Cremophor-
based emulsion, the tumor weight in PDT treated animals decreased compared to the controls.
The highest inhibitory rate was achieved with a drug dose of 2 mg/kg in both models.
Moreover, no acute toxicity was reported after intravenous or intraperitoneal administration of
14 with drug dose up to 100 mg/kg'*®. The repeated-dose toxicity of this compound was
assessed a few years later in healthy Wistar rats'®® using the same delivery system.
Interestingly, an acute toxicity of 14 was found at a dose of approximatively 52mg/kg based
on their investigations on mice'** and on an “anticipated human clinical application” (data not

disclosed).
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Figure 7. Chemical structure of phthalocyanine 14 i.e., ZnPcS,P,

It was reported that a 10 times repeated administration of 4 mg/kg, which corresponds to 100
times that anticipated clinical “therapeutic” dose by the authors, induced notable hepatic and
spleen damage.

Besides sulfonation, another means to enhance the solubility of Pcs in aqueous media and

129 130
/ /

increase their amphiphilicity is hydroxylation. Boyle et al. " and Hu et al. ", reported the

synthesis and evaluation of several hydroxysubstituted zinc phthalocyanines.

When incorporated in Cremophor EL emulsions, all compounds showed strong photodynamic
action both in vitro and in vivo except for the directly substituted tetrahydroxyphthalocyanine
15 (Figure 8) Indeed, Boyle er al.'®® showed that 15 was phototoxic in vitro on Chinese
hamster lung fibroblasts V79; but failed in vivo on Balb/c mice bearing EMT-6 tumors, to induce
any perceptible tumor response. Meanwhile, the tetra(3-hydroxypropyl) zinc phthalocyanine 16
(Figure 8) and tetra(6-hydroxyhexyl)zinc phthalocyanine 17 (Figure 8) induced tumor cure as
measured by tumor necrosis within 48 h and no tumor regrowth up to 30 days at 0.5 umol/kg
and 1 pmol/kg (1.0 mg/kg), respectively, when applied intravenously. Compared to a mixture
of mono, di, tri and tetrasulfonated ZnPcs, 16 and 17 were ten and five times more potent than
ZnPcS. Furthermore, it seemed that the hydroxyderivatives function via vascular shutdown

rather than direct cell killing as observed for the sulfonated zinc phthalocyanines.
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Figure 8. Chemical structure of hydroxylated phthalocyanines 15-21

Moreover, Winkelman er al."*' postulated that a critical distance of 1.2 nm is required
between oxygen atoms of sulfonate, carboxyl or hydroxyl substituents and the core of
phthalocyanines or porphyrins in order to present biological activity. This hypothesis could
potentially explain the low photoactivity exhibited by 15 as well as the phototoxicity of the

alkylhydroxy ZnPc derivatives.

A few years later, Hu et al."° tested mono-, di- and tri-substituted hydroxy ZnPcs derivatives
18-21 (Figure 8) formulated in Cremophor emulsions in EMT-6 tumor cells in vitro and in
vivo. It was observed that the phototoxicity decreased with the introduction of hydroxyl
groups (i.e., 15 vs. 20) and that adjacent positioning of the hydroxyl functions such as in 21

increased Pcs phototoxic effect.
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A third possible chemical modulation of ZnPc consists in fluorination of the PS. Several

132,133 (Figure 9). The main

articles report the synthesis and evaluation of this class of ZnPcs
reasons being that fluorination increases the water solubility and triplet state quantum yield of
the phthalocyanine while maintaining similar behavior in biological medias as hydrogen

atomsm.

The most extensive studies on fluorinated ZnPc in PDT have been performed by the van Lier

. . . . . 135-1
group (using hexadecafluorinated zinc phthalocyanine (ZnPcF6)(25, Figure 10)"35%.
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Figure 9. Structure of the fluorinated ZnPc 22, 23 and 24
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In their most recent publication on this subject, Allémann et al.'*’ compared Cremophor based
emulsion of compounds 25 and 26. It is noteworthy to mention that Pc 26, bears one
sulfonated group to provide some amphiphilicity, thus, probably improving cell penetration.
To BALB/c mice bearing EMT-6 tumor allografts, 1 umol/kg of 25 or 26 were applied and
their bioavailability as well as their PDT effect has been assessed. After one week, the area
under the plasma concentration as a function of time of 25 and 26 were 237 and 183 nmol-h/g

with half-lives of 9.25 and 12 h, respectively.

The highest PS tumor accumulation was recorded 24 h post-injection for both Pcs. However,
26 exhibited better tumor selectivity with reported tumor-to-muscle and tumor-to-skin ratios
of approximatively 13 and 4 for 26 and, 7 and 2.5 for 25, respectively. Strikingly, a 66%
tumor response was recorded for 26 at 1 umol/kg for a light dose of 100 J/cm® but was
associated with 33% mortality. Hence, it was considered that the best PDT results (i.e., tumor
response and animal viability) were obtained using 0.1 pmol/kg of 26 irradiated at 400 J/cm”.
As compared to previous results reported by Boyle er al.’® 26 is twenty times more
phototoxic than 25 while displaying equivalent tumor uptake. The impressive 26
phototoxicity observed was attributed to “extensive cellular damage”. In tumor free rats, 26
formulated in Cremophor was devoid of any lethality after irradiation. Alterations of tumor
surrounding tissues and extensive edema were reported, but were associated with rapid
recovery'>’. A proposed way to avoid these collateral damages is to tune its biodistribution and
elimination using different formulations forms, such as PEG-coated nanoparticles (NP). In

Section 2.2.3 of this review, formulation of 25 in NP is further discussed.

Allémann ef al.”" also investigated the influence of incubation media on PDT efficiency of
ZnPc in vitro by comparing 1-methyl-2-pyrrolidinone to pyridine. Dilution of Cremophor
emulsion of ZnPc at 10 uM in 1-methyl-2-pyrrolidinone solution led to complete loss of in
vitro PDT efficacy presumably due precipitation and aggregation as noticed by an altered
absorption spectrum. This observation confirmed earlier in vivo studies by Boyle et al."*® that
obtained no significant tumor response in BALB/c mice bearing EMT-6 tumors when ZnPc
was diluted in 1-methyl-2-pyrrolidinone. In the meantime, complete tumor ablation was
achieved when pyridine was used to dilute ZnPc Cremophor-based emulsion at a drug dose of
2 pumol/kg. The authors assumed a possible “coordination of pyridine to the axial ligands of
the central metal ion” resulting in an increase photodynamic activity.

139,140
[

Choi et al. and Liu et a reported recent in vitro investigations on the influence of

glycosylated ZnPc based on the strategy to concomitantly increase the water-solubility and
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141,142
. In

the selectivity of these compounds through targeting of glucose transporter
accordance with zinc sulfonated phthalocyanines, tetra-glycosylated ZnPc derivatives were
substantially less photoactive than the mono-glycosylated and di-glucosylated ZnPcs
derivatives in vitro'>"'*. Moreover, the o and B positioning of the glycose substituents
seemed to influence the tendency to aggregate and consequently affects their phototoxicity.
Indeed, o substitution appeared to prevent Pc aggregation as compared to the B positioned
analogues. Promising phototoxicities in the nanomolar range were achieved in HT29 and

HepG2 cells glucosylated di- a substituted ZnPc.

1'% as well as Fabris et al.'** have tested octapentyl (27) and octadecyl (28)

Ometto et a
substituted ZnPc (Figure 11). Administered intramuscularly to MS-2 fibrosarcoma bearing
Balb/c mice in a Cremophor emulsion both compounds were highly selective for the tumor
tissue. Limited skin photosensitization was confirmed with healthy Balb/c mice under the
same experimental conditions. The strong binding of both compounds to LDL is presumably
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responsible for this selectivity . Both 27 and 28 induced a shrinkage of the tumor volume

after PDT'**!'**. However, both derivatives accumulated to a higher extend in the liver and
spleen than in the tumor even one week post-PDT, presumably because the bile-gut is the

primary elimination pathway characteristic for lipidic drug delivery systems'*"'*.
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Figure 11. Chemical structure of octapentyl and octadecyl ZnPcs 27 and 28

Liu et al. have achieved synthesis and in vitro evaluation of zinc octa[(biscarboxylate)-

phenoxy]phthalocyanine and its sodium salts'*’ (i.e, compounds 29 and 30, see Figure 12).
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Figure 12. Chemical structure of phthalocyanines 29 and 30

This structural extension with phenylcarboxylate groups resulted in a diminished stacking and
aggregation tendency, due to possible non-planar orientation of this group as well as extended
“inter-ring distance”. However, at physiological pH, only 29 was water-soluble. The authors
presented this aspect as the major drawback of 29 to HEp2 cell penetration, whereas the more
hydrophobic 30 was taken up to a higher extent. However, cell penetration could have been
also hampered by the presence of negative charges on 29 at physiological pH. Despite
differences in cellular uptake both Pcs displayed similar but moderate phototoxicities.
However, this low potential for photosensitization of biological materials can be efficiently
used for fluorescence diagnostics. Very recently ZnPc similar to 29 zinc
tetra[ (monocarboxylate)phenoxy]phthalocyanine has been exploited for the use in PCR
analysis®®. This compound had similar but narrower absorption and emission bands in the NIR
as compared to a conventional cyanine dye. Most importantly, the Pcs dyes were thermally

and chemically stable and showed essentially no photobleaching.

The outstanding tendency of Pcs to form photoinactive aggregates can also be exploited for
the design of “molecular beacons”. These compounds are powerful tools for real time

detection of RNA/DNA in vitro and in vivo. In molecular beacons, a quencher/donor pair is
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positioned on the distal ends of a short, hairpin forming oligonucleotide. In absence of a
complementary sequence the close proximity of the fluorophore and its corresponding
quencher makes the molecular beacon optically silent. However, hybridization with the
complementary sequence then restores the fluorescence of the reporter. Despite their high
specificity the sensitivity of conventional molecular beacons is often compromised by a poor
sensitivity provided by insufficient quenching. Futhermore, longer observation periods are
often impeded by most fluorescent dyes’ strong photobleaching. Therefore, in an earlier study the
same group reported the use of a pair of Pc similar in structure to ZnPc in molecular
beacons'**'*’. After optimization of the reaction conditions good yields for molecular beacons
were achieved. However, since Pcs have long interaction ranges the authors had to use longer
oligonucleotide sequences as complementary sequence to observe a fluorescence increase. A
signal to background ration as high as 59 was reported. Furthermore, the perfect matched
complementary sequence was five times more fluorescent than a single base mismatch.
Therefore, water soluble Pcs can be efficiently employed as fluorescence reporters in vitro but

their whole potential in this area remains to be demonstrated.

Lo and co-workers reported the photoactivity of monosubstituted ZnPc with a 1,3-
bis(dimethyl-amino)-2-propoxy group at the a or P position (Figure 13), “and the
corresponding di-N-methylated derivatives” on human colorectal carcinoma cells HT29'
The a and P positioning is an analogy to the a and B positions for sugar moieties. Indeed in
sugars, o and P correspond to lower and upper position respectively of the hydroxylic group

on the anomeric carbon (C1) of the cyclic sugar moiety, the cylcle defining the referential

plane"’,
I
/ /
N N
NN\ o{ ~ ~
] \ P -
| KN N
N—Zn—N | \ .
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31 (o-substitution) and 32 (B-substitution) 33 (o-substitution) and 34 (B-substitution)

Figure 13. Structure of compounds 31-34
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The absorption and fluorescence spectra showed a lower aggregation tendency for the f-
substituted compounds as compared to their a-substituted analogues. Consequently, the ICsg
of 32 and 34 were 0.15 and 0.08 puM, respectively, while 31 and 33 induced 50% of cell
inactivation at doses of 0.48 and 0.64 uM, respectively.

Like AlPcs, PEGylated ZnPcs have also been designed aiming at increasing their water
solubility’*?. Liu et al. have prepared a series of asymmetrically substituted ZnPcs using
methylated polyethylene glycol. However, these compounds were essentially not water
soluble. Therefore, just recently the synthesis of tetra and octa substituted PEGylated ZnPcs
has been reported'>. In these compounds the terminal methyl group of the tetraethylene
glycol side chains has been omitted in order to provide a higher hydrophilicity through
hydroxyl end groups. Despite these modifications, aggregation in water was still observed that
could be circumvented by the addition of Triton-X100. The less aggregated compound that
was non-peripherally substituted with polyethylene glycol showed a strong bathochromic shift
of more than 20 nm. But in vitro evaluation showed an ICs, value that was in the order of two
orders of magnitude higher than reported for the methylated counterparts. Recently, Ng and
co-workers reported the synthesis and efficient photocytotoxic effect of several pegylated

ZnPcs where ICs values ranged from 0.25 to 3.72 uM on HT29 and HepG2 cells'>*.

The net charge of pharmacological compounds is of importance with respect to the
pharmacokinetic properties of a drug as well as in terms of uptake and intracellular
localization. Several studies report the impact of the charge on Pc-mediated PDT. Banfi et
al."> described the synthesis and in vitro assessment of some ZnPc derivatives on human
colon adenocarcinoma cells HCT116. The most potent ZnPc derivatives among the

synthesized series are shown in Figure 14.
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Figure 14. Structure of compounds 35, 36 and 37
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Compound 35 was approximately five times more potent than compound 36 and
approximately eight times more efficient than compound 37.

136157 reported that the cationic pyridinium ZnPc 42 (see Figure 15) was

Brown and coworkers
more phototoxic to RIF-1 cells than the anionic tetraglycine analogue 39 or the neutral
hydrophobic tetradioctylamine 43'°°. In vivo all the tested compounds induced partial tumor
regression, but only compound 42 led to complete remission, most presumably through
vascular occlusion in the irradiated areas. This observation is in agreement with a study of
Sibrian-Vazques et al. that showed that the cellular uptake of 44 was higher and faster than 46

(see Figure 16)"*,

/ ‘ \ 38:x=

-COO™Na*
39: X=-SO,NHCH,COO"
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NZ= N R] 40: X= -SO,N(CH,CH,0H),
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Figure 15. Chemical structure of phthalocyanines 38—43
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Figure 16. Chemical structure of compounds 44—48
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2.2.2. Tumor Targeting with Zinc Based Pc-Conjugates

In the same report the preparation and in vitro evaluation of zinc based phthalocyanines

conjugates with cell-penetrating peptides (CPP) (see Figure 16) was described.

Conjugates 47 and 48 were taken up by HEp2 cells to a higher extent than the unconjugated
ZnPc. The introduction of short polyethylene glycol linker between the ZnPc and CPP has
been shown to further increase the uptake. At a light dose of approximately 1 J/cm?, 47 and 48
were the most active compounds, with ICsy values of 1.44 puM, 1.87 uM, respectively. In

contrast, 44 did not alter the cell viability at doses up to 10 uM.

2.2.3. Formulation of ZnPcs

Phototoxicity and fluorescence of Pcs is mostly hampered by their low water-solubility and
tendency to aggregate. Their incorporation into suitable and biodegrable formulations is
commonly accepted as a necessity in the development of new therapeutics. Indeed,
development of drug delivery systems such as liposomes, micelles and nanoparticles could
improve the unfavorable biodistribution of free Pcs (i.e., improvement of PS pharmacokinetic
properties, better targeting of diseased tissues due to size of the particles, association to serum
proteins and specific activation of the PS through localized delivery of the PS) as well as
avoidance of aggregation and loss of phototoxic activity/fluorescence which should result in a

better therapeutic outcome (see following paragraphs).

Zinc based phthalocyanines have been mostly evaluated as liposomal formulations.
Liposomes are phospholipids vesicles that present the advantage to entrap either hydrophilic
drugs in the core of the phospholipid vesicle or hydrophobic drugs within the lipid membrane.

159,160 .
% In studies

Incorporation of drugs into liposomes results in passive targeting of tumors
reported in this review, only small unilamellar vesicles (i.e., one phospholipid bilayer) were

used.

Liposomal formulation of ZnPc showed photocytotoxic effect in vitro on a large variety of
tumor cell lines'®'®. The drug CGP55847 commercialized by CIBA has been the first Pc
reaching clinical trials although no clinical results have been reported. Ben-Hur and Chan
reported that the “early phase I/II clinical studies [...] were discontinued but not for medical

reasons” %,

In vivo, ZnPc being incorporated in dipalmitoyl-phosphatidylcholine (DPPC) liposomes

showed complete response at drug doses as low as 0.14 mg/kg in mice inoculated with MS-2
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fibrosarcoma. At a slightly lower dose of 0.12 mg/kg (i.v.), ZnPc was found to be “associated
exclusively with lipoprotein fraction”, i.e., whether it was complexed with low density
lipoproteins (LDL) or incorporated into liposomal structures, and 70% of the drug was cleared
from the body within 12 h independently from its carrier system, while the remaining ZnPc
was slowly eliminated. However, ZnPc associated with LDL presented a higher selectivity
toward tumor than ZnPc liposomes with a tumor-to-liver ratio of 2.27 and 1.04 and a tumor-
to-muscle ratio of 4.20 and 3.84 after 24 h post-injection, respectively. Nonetheless, the
selectivity was somewhat limited by the redistribution of the photosensitizer among other
lipoproteins, especially high density lipoproteins. As liposomal formulations of
benzoporphyrin derivative, liposomal CGP55847 seems to be transferred to serum

103199 explaining the

lipoproteins and more predominantly to low density lipoproteins
propensity of the PS to selectively accumulate in tumors'®*'™’. Rodal et al. suggested that the
observed internalization of ZnPc was not following the endocytotic pathway of LDL but
rather occurred via diffusion through the cellular membrane after binding to the LDL

161
receptor'®'.

In vivo studies on different liposomal formulations consisting of a mixture 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(OOPS) revealed that intratumoral distribution pattern of ZnPc in C57BL/6 mice bearing Ehrlich
carcinomas or B16 melanomas was a time dependent process'’'. In agreement with van
Leengoed et al.'”®, 3 h after intravenous injection of 0.5 mg/kg of ZnPc, the photosensitizer
was present in and around the tumor vasculature but not 24 h post-injection. Indeed, using a
dorsal skinfold chamber model, van Leengoed et al 7 could detect vascular occlusion within
five minutes after photoactivation which resolved 30 min after irradiation. Moreover,
maximal vasculature damage and tumor-to-muscle ratio from 8:1 to 14:1 have been reported

for this liposomal delivery system'””.

Nanoparticles are another type of drug delivery system that enables the incorporation of
higher drug doses of hydrophobic drugs. Passive targeting of tumors is also achieved due to
their size (i.e., below 1,000 nm, generally 200 nm) through EPR effect. A strategy to increase
the circulation time of the nanoparticles as well as other drug delivery systems is the
incorporation of PEG moieties on their surface. It is commonly accepted that PEGylation
creates hydrophilic barrier that reduces the immunogenicity of the drug delivery system and

lowers its clearance from the body'’*'"®.
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Polylactic acid (PLA) based nanoparticular formulations of ZnPc were investigated by

Allémann et al.!>>13

. The coating of nanoparticles with PEG moieties resulted in the decrease
of the reticuloendothelial system and an increase in the PS tumor retention'*. Incorporation of
25 (Figure 10) into PEG coated nanoparticles or using a Cremophor EL based emulsion
increased the bioavailability as compared to uncoated-NP by a factor of four in BALB/c mice
bearing EMT-6 tumors. The tumor-to-skin and tumor-to-muscle ratios for the PEG-NP and
Cremophor based formulation were 2 to 21, respectively, with a maximum concentration in
tumor 48 h post-injection'*’. However, the nanoparticular drug delivery system was nearly five
times more efficient for PDT-mediated treatment of mice bearing EMT-6 tumors'°. This is in
agreement with a study reported by Fadel er al.'”” describing that tumor bearing animals
treated with ZnPcs laden poly(lactic-coglycolic acid) nanoparticles showed the best PDT
outcome, highest tumor growth delay and longest survival times as compared to mice treated
with the free PS.

178-181 where

An interesting approach was recently described by Kataoka and co-workers
dendrimer based zinc phthalocyanines showed promising results in PDT and PCI applications.
Indeed, they could manage to prepare anionic dendrimer zinc phthalocyanine (DPc)
incorporated into positively charged poly(ethylene glycol)-poly(L-lysine) (PEG-PLL) block

180 The substitution of

copolymeric micelles referred to as polyion complex micelles (PIC)
large dendritic parts avoids the aggregation and increases their water solubility'®'. These
micelles were tested both in vitro on human lung adenocarcinoma cells A549 and in vivo on
(Balb/c nu/nu) mice bearing A549 tumors. It was shown that 7.6 times more of encapsulated
DPc in micelles (DPc/m) was taken up and that these are 78 times more phototoxic in vitro
than free DPc. In addition, subsequent in vivo studies confirmed the benefits of micelle

encapsulation of DPc by delayed tumor growth and limited skin photosensitization.

Another interesting approach for drug delivery of hydrophobic PS is their conjugation to
cyclodextrins. This strategy enables the water-solubilisation of lipophilic PS and thus its
systemic administration at high concentrations. In one report, Baugh and al. proceeded to the
conjugation of zinc based phthalocyanines to cyclodextrins. The double carbon bounding
linkage between the dimers was cleaved, upon light activation and in presence of oxygen;
resulting in the release of the Pc. Hence, this approach could be a promising systemic carrier of

hydrophobic PS for photodynamic therapy'*>'™.

Formulation of ZnPcs in gels or (micro)emulsions could be of interest in topical application.

Indeed, several studies reported improved photophysical and aggregation properties of
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ZnPcs'™*'% as well as successful delivery to the skin of sulfonated ZnPc either via simple skin

penetration'®* or through iontophoresis'*®.

2.3. Silicon Based Phthalocyanines: Pc 4 and its Analogues

2.3.1. SiPc-SAR

Several silicon based phthalocyanines (SiPc) mostly aiming at revealing the influence of axial
ligands have been proposed and tested both in vitro and in vivo. Probably, the most famous
representative of these compounds with some commercial value is “La Jolla Blue”. Water-
solubility of this dye absorbing at 680 nm as well as prevention of aggregation is provided by
two axial polyethylene oxide moieties. Then, two peripherial carboxy groups at the
macrocycle can be used for the coupling to biological molecules such as antibodies. This has
been used for the design of an antibody for an FDA cleared in vitro immunofluorescence

assay.

It has been shown by He et al.'®’, that silicon based phthalocyanines with short aminosiloxy
ligands [49 (Pc 4) and 51] are more phototoxic effect in Chinese hamster lung fibroblasts V79
and Murine leukemic lymphoblasts L5178Y-R as compared to compounds such as 50 and 52
with longer axial ligands (see Figure 17).
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Figure 17. Chemical structure of Pc 4 (49) and derivatives 50-58
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194 the PDT effects of these compounds in vivo on C3H/HeN mice bearing

In another report
RIF-1 tumors were examined. The phthalocyanines were solubilized in a Cremophor EL
emulsion and light was given 24 h post Pc injection. Except 52, all axially substituted Si-Pc
resulted in a complete remission. The authors suggested that S1-mediated PDT may induce

cellular destruction via a slower mechanism than Pc 4-mediated PDT.

In 2009, Rodriguez et al.188, compared Pc 4 to compounds 51, 53, 54 and 55 on the human
breast cancer cell line MCF-7c3. These analogues showed, among other features, higher
cellular uptake and phototoxicity than Pc 4. Biaxial substitution reduced aggregation which,
in turn, can explain their higher photodynamic efficiency. Furthermore, the presence of a
hydroxyl group at one side seems to enhance the phototoxicity of the SiPcs. However, as
shown by confocal microscopy, except for 51, Pc 4 analogues seem to act through a different
destructive pathway due to their principle association with lysosomes rather than with
mitochondria/endoplasmic reticulum. Interestingly, when clonogenic assays were performed
51 and Pc 4 had a similar behavior. In contrast, 51 exhibited a 4-fold lower ICsy in
comparison to Pc 4 (49) as demonstrated by means of a MTT test. Using bi-axially substituted
polyamine SiPcs with fluorescence quantum yields in aqueous media of 0.12-0.21, ICs

ranging from 450 to 1 nM have been reported in HT29 cells by Ng and co-workers'”.

Moreover, the same group of research developed several SiPcs substituted axially with (-
cyclodextrins'”®'*.  They could reach a photocytotoxic effect on human colon
adenocarcinoma and hepatocarcinoma cells (HT29 and HepG2 respectively) with reported
ICs¢ ranging from 21 nM to 1.32 pM. In addition, early in vivo studies conducted by Lau et
al.”®’ show promising results as drug doses as low as 1 umol/kg for a light dose of 30 J/cm®
are efficient enough to suppress tumor growth in mice bearin HT29 xenografts.

Another promising approach used by the same group is the glucoconjugation of SiPcs'*'.

In their report, Chan ez al."” reported ICs, values as low as 6 nM on the same cell lines and

could “retard tumor growth” in the same animal model.

Pc 4 has been developed at Case Western Reserve University at the beginning of the 90s.

Since then Pc 4-mediated PDT has been reported effective in vitro against various tumor cell

187,200-205

lines of different origin . In experimental animal models for ovarian and colon cancer,

202

no photodynamic effect was observed with doses of 0.4 mg/kg™™, whereas with doses of 0.6

or 1 mg/kg complete remission or at least significant tumor volume reduction occurred
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between 3 to 7 days post-PDT. Furthermore, Pc 4-PDT was associated with a delay of tumor
regrowth from 9 2 up to 90 days™*.

A recent study conducted on immunideficient mice bearing papillomas®® induced by the
administration of cottontail rabbit papillomavirus led to the conclusion that Pc 4 at a dose of
Img/kg and at a light dose of 150 J/cm® given 48 h administration resulted in complete
remission in 87% of the cases with no observable re-growth during 79 days. In addition, it
was suggested that the rapid destruction observed in Pc 4-mediated PDT could be explained
by the mitochondrial/endoplasmic reticulum'®® localization of Pc 4 mainly leading to

207-209

. . . . 188
apoptosis and necrosis . However in some cases vascular occlusion was also reported ™.

Moreover, Anderson et al.*'° demonstrated that Pc 4 exhibited less skin photosensititization as
compared to Photofrin®. Topically applied, Oleinick and co-workers established that Pc 4 is

95211

“effectively delivered into the human skin™" " and was consequently investigated clinically. In

these trials, Pc 4-mediated PDT was reported to be well tolerated in patients and could have

promising application in mycosis fungoides treatment®'%.

Recently, Fong and coworkers reported the synthesis and characterization of several silicon-
based phthalocyanines'®*"*2'7. Out of this series, BAM-SiPc 56 (see Figure 17) having an
ICs¢ as low as 0.015 pM on HepG2, Hep3B, HT29 and J744 was the most potent. However,
this compound was phototoxic on normal liver cells (i.e., WRL-68 with ICsg of 0.035 microM
under the same experimental conditions)'*”"***'®. In nude mice bearing hepatocarcinoma
HepG2 and colorectal adenocarcinoma HT29 tumors the same compound showed
remission/regression and tumor growth delay 15 days after PDT at a drug dose of
191

Iumol/kg ™.

Barge et al.'”?

could also covalently link axial cholesterol moiety (Chol-O-SiPc) (Figure 17)
and reported a seven fold higher potency of this derivative as compared to AICIPc (with ICsg
of approximatively 8 nM) in vitro, on the pigmented melanoma cell lines M3Dau and SK-

MEL-2.

2.3.2. SiPc Formulations

Pc 4 is the most extensively studied silicon-based phthalocyanine. Due to its insolubility in
physiological media, Pc 4 tends to aggregate with subsequent loss of photodynamic activity
and altered biodistribution. In order to avoid these issues, Pc 4 was incorporated in oil-based
formulations, PEG-PCL (polyethylene glycol-block-poly-ge-caprolactone), micelles, and

nanoparticles.
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In a recent study Master et al.*'"’ were able to encapsulate with 70% efficiency Pc 4 in PEG-
PCL micelles. The authors observed that in human breast cancer cells (MCF-7c3), Pc 4
delivered in PEG-PCL micelles seemed to colocalize with lysosomes and mitochondria, while
Pc 4 in solution accumulated mainly in mitochondria and endoplasmic reticulum as well as in
Golgi apparatus. However, no different photocytotoxic effect was observed for the two

formulations.

Pc 4 was also encapsulated into silica and gold nanoparticles known for their biocompatibility
and their stability*?". Zhao et al.**' showed that encapsulation into silica nanoparticles of 25—
30 nm diameter lead to enhanced photodynamic activity in vitro as compared to the free Pc 4.
Moreover, Pc 4 silica nanoparticles were found to be less sensitive to photobleaching. The
reported 1Cso values for the nanoparticluar delivery system were around 5 nM for A375 cells

and 10 nM for B16F10.

An in vivo biodistribution study with Pc 4 adsorbed on PEG coated gold nanoparticles
revealed that Pc 4 gold nanoparticles accumulated in the tumor faster than Pc 4 formulated in
Cremophor EL. While the peak concentration in the tumors was only reached after 2 days
using Cremophor the gold nanoparticles containing Pc 4 reached this peak within 2 h. It was
also observed that the singlet oxygen yield of the two formulations was identical suggesting

that the nanoparticles protect Pc 4 until its release in the target tissue*>.

Li et al. reported the synthesis and PDT effect of a neutral and lipophilic tetra-z-butyl silica
phthalocyanine bisoleate referred to as SiPc-BOA (Figure 17)*2. It was noticed that axial
substitution of the oleate moieties decreased the propensity of the photosensistizer to
aggregate and enabled its binding to the lipidic layer (i.e., LDL delivery system). Using this
strategy, Li et al. increased the loading of the LDL nanovesicules with a molar ratio of 400
SiPc-BOA per one LDL**. These SiPcBOA laden nanoparticles were 10 times more effective
than the free compound in HepG2 cells suggesting a LDL receptor-mediated photodynamic
effect.

A multifunctional approach was proposed by Zheng et al.”** through additional coupling of
folic acid to lysine residues of the apolipoprotein B of the LDL part in SiPc-BOA-LDL
conjugates. The validity of their hypothesis was tested in a system consisting of cells
expressing the folate receptor (kB cells), those expressing the LDL receptor (HepG; cells),
and cells that lack the folate receptor (HT1080, CHO cells). An interesting review of the

aforementioned results could be found in the following book*%.
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3. Applications of Pcs in Fluorescence Imaging
Most investigations on phthalocyanine dyes in biomedicine focus on their application in PDT
for cancer. However, just recently research was also extended to parasite and bacterial disease
treatment such as leishmaniosis®*¢>*°. Furthermore, in this context, an at least as important
research area, i.e., fluorescence imaging, is sometimes ignored. Fluorescence imaging allows
the non-invasive detection of superficial disease in a preclinical or clinical setting. It is
sensitive, can be perfomed in real time, and its resolution can be tuned to a molecular level.
As few as a thousand cells can be detected by this methodology. Today, fluorescence imaging
is successfully implemented in preclinical in vitro and in vivo research to specifically monitor
the therapeutic outcome of new drugs in animals or to reveal disease mechanisms. Furthermore,
it is used clinically for the detection of several diseases, including age-related macular

232

degeneration™' and cancer”. It has been shown to improve the detection rate of barely visible

233,234
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lesions, surgery and recurrence rate in malignant glioblastoma and bladder cancer™”.

Despite the recent hype of fluorescent proteins introduced into molecular biology, exogenous

236,237 238

fluorescent dyes or exogenously-induced fluorescent dyes™" still play an important role

in this research area.

For optimal monitoring of diseases in vivo it will be advantageous that fluorescent dyes
absorb and emit in the NIR region of the visble light spectrum in order to optimally penetrate
into the tissue and induce only minimal autofluorescence upon excitation with light.
Therefore, scientists have developed panoply of different NIR fluorescent dyes for the

labeling of proteins, small bioactive peptides, or oligonucleotides™”

. Although there are many
classes of NIR dyes including oxazines and rhodamines commercially available, the most
commonly used belong to the class of cyanine dyes. One of these, indocyanine green, is
approved for the detection of occult choroidal neovasculariuation secondary to age-related
macular degeneration. Today these dyes cover an absorption spectrum ranging between 650
and 800 nm. As described above, phthalocyanine dyes can be fine-tuned to the desired

absorption/emission wavelengths and can be made water-soluble**

. Furthermore, they are
chemically stable in most solvents and are not as prone to degradation in highly acidic/basic
media. Some of these compounds can have a fluorescent quantum yield as high as 70% and
are extremely photostable. And finally, compared to conventional cyanine dyes they have a
long fluorescence lifetime and an extremely high extinction coefficient. Despite, these
advantages there are only two compounds, La Jolla Blue® and IRDye 700DX", belonging to

this interesting class commercially available. Although these compounds have relatively high
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fluorescence quatum yields, they can still be used as efficient photosensitizers, as
demonstrated by, Mitsunaga et al.>® by conjugation of IRDye 700DX® to monoclonal
antibodies targeting epidermal growth factor receptors. Using these conjugates efficient killing
of tumor cells was demonstrated in vitro and in vivo when NIR was used as light source.

Their tendency to aggregate seems to be ideally suited for a relatively new class of fluorescent

99241

reporters referred to as “smart probes” . This approach has been pioneered by Ralph

242
.In

Weissleder’s research group and is based on the selfquenching/dequenching paradigm
these compounds, typically several fluorescent dyes are coupled either directly or via
chemically or enzymatically labile linker to a polymeric carrier. In their native state these
reporters are optically silent due selfquenching of the fluorescent dyes. However, as soon as a
chemical or enzymatic trigger results in the release of the fluorescent dye from its polymeric
carrier this selfquenching is abrogated. Today, this methodology has been extensively used
for the detection of proteolytic activity in vivo. One can deduce from the discussions on the
photodynamic activity of aggregated Pc above, that these compounds can also be used in
“smart probes” with a better selfquenching allowing the use of low molecular weight carriers
with improved pharmacokinetics. Another phenomenon of aggregated Pc, will further favor
their use in “smart probes”. As the extinction coefficient of the Q-band undergoes significant
reduction in the aggregated form, these fluorescence reporters not only show reduced
fluorescence intensities in the non-activated form but also are less sensitive to excitation.
Furthermore, due to their lipophilicity, once cleaved, Pc dyes will stay longer at the activation
site due to reduced clearance. Currently, we are evaluating this approach for simultaneously

treating and monitoring diseases with Pc-based polymeric photosensitizer prodrugs™**>*.

4. Conclusions
Throughout this review, it has been shown that phthalocyanines are promising
photosensitizers for photodynamic therapy applications. Some of them are even currently
used in PDT (e.g., Photosens®™) or tested in clinical trials (e.g., Pc 4). At a chemical level, it is
concluded that Pcs’ mainly amphiphilic character leads to a higher efficiency in vivo. In
addition, hampering their stacking via axial ligation and including positive charge(s) seems to
influence their photocytotoxicity, by increasing their cellular uptake and internalization. It is
also of major importance to consider their subsequent cellular (re)localization in order to
understand and evaluate their photodynamic activity. Hence, by only considering their

chemistry, phthalocyanines exhibit this flexibility, enabling further screening and
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investigations, which rises hope for cancer treatment. Perspectives such as chemical coupling
of two photosensitizers as well as screening of new phthalocyanines are currently examined

and could be interesting prospects for PDT cancer treatment™**>%.

From a pharmaceutical point of view, suitable and optimal formulations of Pcs can increase
dramatically the therapeutic efficacy. Suitable drug delivery systems can act as a solubilizing

matrix for the PS as well as a shield and protection from degradation.
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ABSTRACT

Phthalocyanines (Pcs) are promising photosensitizers for photodynamic therapy (PDT) and
imaging applications. Due to their strong absorbance in the near-infrared region, Pcs are
excellent candidates for deep tissue activation in vivo. However, they are associated with low

water-solubility and strong tendency towards aggregation.

In this article, we report efficient synthesis of 10 chemically tunable Pcs bearing one
functionalizable carboxylic moiety. Theses Pcs display distinct water-soluble properties and

different phototoxic effects on the human prostate cancer cell line (PC-3 cell line).

This screening allowed identifying three promising Pc candidates for PDT and photodiagnosis
of cancer. Further in vitro investigations on PC-3, A549 and, HT1080 cell lines, including
cellular uptake and intracellular localization of the selected Pcs were established. In their free
form, no Pc exhibited any significant phototoxic effect except a PEGylated and water-soluble
Pc (Pc (9)). In HT1080, this Pc was able to achieve 90% of cell death at a concentration of
4uM and a light dose of 10J/cm®. Complete cell destruction was observed for higher Pc doses,
while being void of any dark toxicity. Furthermore, cellular accumulation of Pc (9) seemed to
follow an energy dependent process in addition to passive diffusion. Its cellular internalization
seemed to be in the form of endosomal/endolysosomal vacuoles established by means of

confocal microscopy.

Finally, this study confirms the effectiveness of the Pc based polymeric approach in vitro.
Hence, thanks to the carboxylic moiety introduced in these compounds further conjugation of
the Pcs to a polymeric backbone (poly-L-lysine) was feasible and resulted in increased water-

solubility and significant phototoxicity of two non-active Pcs in their free form.

KEY WORDS: Phthalocyanines, polymeric prodrugs, photodynamic therapy,

photosensitizer, theranostics
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1. Introduction

Photodynamic therapy (PDT) is based on the interaction of three non-toxic compounds: light,
oxygen and photosensitizer (PS) which combined result in cell death and selective tumor

destruction’.

Selectivity is achieved by 1) a selective or increased accumulation of the PS in the diseased
tissue ™, 2) a controlled light activation of the PS and 3) a consecutive production of reactive
oxygen species which have a short lifetime (< 0.04 ps) and, thus, a narrow range of action
(< 0.02 um) hence, enabling a localized cell destruction’”’. Depending on the PS’s cellular and
intracellular localization/relocalization, PDT exhibits direct and indirect cell killing, vascular

- - - 8-10
occlusion, release of cytokines and the response of the immune system

. However,
conventional photosensitizers are associated with lack of selectivity towards diseased tissues
leading to increased side-effects such as skin photosensitivity and reduced efficacy due to
unsuitable pharmacokinetic/pharmacodynamics (PK/PD). One way to overcome this
drawback is the macromolecular prodrug approach introduced by Ringsdorf', further

12-17
1

developed for anticancer agent by Duncan’s et a and other groups for PDT and imaging'®”

28

In polymeric photosensitizer prodrugs (PPP) multiple copies of a photosensitizer (PS) are
tethered either directly or via a peptide linker to a polymeric carrier. Due to the strong
interactions of the PS moieties in close proximity on the carrier, no photoactivity can be
observed upon irradiation with light. However, upon proteolytic digestion of the polymeric

carrier or the peptidic linker, photoactivity is restored.

As a 2" generation of photosensitizers, phthalocyanines (Pcs) fulfill one the most
fundamental requirement for photodiagnosis and photodynamic therapy. Indeed, they exhibit
suitable fluorescence quantum yields for fluorescence imaging purposes. Furthermore, their
absorbance in the spectral range of daylight is weak thus minimizing the risk of skin
photosensitivity. In addition, photosensitizers with the highest absorbance between 600 and

2934 1n this

800 nm are the ideal candidates because of optimal light penetration into tissues
regard, phthalocyanines are promising candidates for PDT treatment. Moreover, their
“flexible chemistry” allows a modulation of their properties amongst them their
pharmacokinetic and optical properties as well as their solubility, resulting in the optimization

of their PDT efficiency’” .
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Since phthalocyanines are well known to form strong non-photoactive aggregates, we
hypothesized that these compounds are ideal candidate PS for PPPs. One requirement for the
selective coupling of the PS to the polymeric carrier is the presence of only one chemical
handle within the phthalocyanine skeleton while all other peripheric positions can be used to
fine tune absorption, stacking and photodynamic properties. A direct consequence of this As;B
configuration is the apparent split of the Q-band when in solution which disappears when

aggregates are formed.

The purpose of this study is the screening and the evaluation of potentially active
phthalocyanines (Pcs) for PPP-mediated PDT of tumors. Therefore, in vitro studies on PC-3
(human prostate adenocarcinoma), HT1080 (human fibrosarcoma) and A549 (human lung
carcinoma) cell lines were performed with and without light irradiation at different Pcs
concentrations and phototoxicity of two phthalocyanine-polymer based conjugates were

evaluated on PC-3 cells.

2. Materials and Methods

2.1. Chemicals

Anhydrous forms of dimethylsulfoxide (DMSO), N,N-diisoproprylethylamine (DIPEA), O-
(7-aza-benzotriazol-1-yl)-N,N,N,N-tetramethyluronium hexafluorophosphate (HATU), Poly-
L-lysine hydrobromide (115DPVIS-57DPMALLS-24000MW VIS-12000MWMALLS) were
purchased from Sigma-Aldrich (Buchs, Switzerland). Methoxy PEG Succinimidyl
Carboxymethyl Ester (mMPEG-SPA) of 20 kDa was obtained from Nektar (San Carlos, USA).
Acetonitrile (ACN) was bought from Biosolve BV (Valkenswaard, Netherlands) and
trifluoroacetic acid (TFA) was purchased from Acros Organics (Geel, Belgium). Trypsin
0.25%-EDTA solution, Nutrient Mixture Kaighn’s Modification (F-12K) with L-Glutamine,
Dulbecco’s phosphate buffer saline (DPBS) solution without calcium and magnesium,
Dulbecco’s Modified Eagle Medium (DMEM+ GlutaMAX-I) containing Pyruvate and 1g/L
D-Glucose, Penicillin 10 000 units/mL and Streptomycin 10 000 pg/mL solution were
provided by Life Technologies Corporation (Paisley, UK). DMSO of analytical grade was
obtained from Fisher Scientific UK Limited (Loughborough, Leicestershire, UK). Fetal
Bovine Serum (FBS) was acquired from PAA Laboratories GmbH (Pasching, Austria), Triton
X-100 from Applichem. (ITW Company, Germany), NaOH from Reactolab S.A. (Servion,
Switzerland) and  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium  bromide
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(Thiazolyl Blue Tetrazolium Bromide ) used in the MTT assay was obtained from Sigma-
Aldrich Company (St. Louis, MO, USA).

2.2. Phthalocyanines structures

COOH
COOH

HOOC

HOOC

HOOC x[
— O
N

Figure 1. Chemical structures of investigated phthalocyanines
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Table 1. Maximal Excitation and Emission Wavelengths of Pc’s tested in the study

Compound Excitation Wavelength Ay, max Emission Wavelength Acn, max
[nm] [nm]
(1) 690 715
(2) 680 710
(3) 660 680
(4) 660 680
(5) 720 750
(6) 680 720
(7) 670 700
(8) 680 710
(9) 650 680
(10) 680 700
1.2
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Figure 2. Typical absorption and emission spectrum of phthalocyanines,
here Pc (1), in DMSO.

2.3. Phthalocyanines synthesis
Phthalocyanines were synthesized as reported before®”.

2.4. Phthalocyanine Pc (1) and Pc (10) conjugates synthesis
To a solution of poly-L-lysine HBr (25kDa, DP=118.5 (PLL)) (3 mg, 1.4*10” moles) in
anhydrous DMSO was added DIPEA (3 equiv. based on the number of e-NH, on PLL) and
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mPEG-SPA of 20kDa (2.9 mg, Nektar) to reach an average loading of 1%. The reaction was
allowed to proceed for 8 hours and subsequently, Pc (1) was added in order to reach an
average loading of 10% (1.8mg). 1.5 equiv of HATU (1.3mg) were added in regard to the
carboxylic acid moiety on Pc. Finally, after 24 hours, nicotinic acid-NHS ester was added to
reach a 25% loading on PLL*. The reaction was stirred overnight and quenched by addition
of water/TFA mixture to pH=3. After filtration, the solution was purified by Size-Exclusion
Chromatography using sephacryl™ S-100 (Amersham Biosciences, Otelfingen, Switzerland)
column and water/acetonitrile/TFA (70/30/0.025%) as eluent. The product of interest was
collected, lyophilized and resulted in a green product that was kept at -20°C in the dark. Pc

(10) conjugate was synthesized as reported before™.

2.5. Cell Culture

PC-3 as well as A549 cells (ATCC, Manassas, VA) were maintained as monolyaers in F-12K
medium supplemented with 10% fetal bovine serum (FBS) and 100puL/mL streptomycin and
100IE/mL penicillin in a humidified incubator containing 5% CO,. HT1080 cells were grown
as monolayers using Dulbecco’s Modified Eagle Medium (l1g/L D-Glucose and with
Pyruvate) supplemented with 10%FBS and containing the same amounts of antibiotics as

previously described. Cells were trypsinized using 0.25% Trypsin-EDTA solution.

2.6. Photocytotoxicity of photosensitizers-Screening

The photocytotoxicity of the different phthalocyanines (Pcs) was first assessed on human
prostate cancer PC-3 cell line using the Thiazolyl Blue Tetrazolium Bromide assay (MTT
assay). Cells were seeded in 96-well plates as aliquots of 100 pL containing 1.8 x 10* cells
and allowed to grow to 70% confluence. Pcs were brought to the targeted concentrations, i.e.,
1, 2, 6 and 10uM by dissolving the corresponding volume of the Pcs stock solution in DMSO
in the fresh complete medium. The amount of DMSO for all solutions was adjusted to the
highest amount of DMSO of the most concentrated PS solution and did not exceed 2% of the
total volume. Cells were incubated with these solutions for 2 hours then rinced twice with
200uL. PBS followed by the addition of 100 puL of fresh medium. Cells were subsequently,
either kept in the dark (plate control) or irradiated with a light dose of 10 J/cm? (PCI light, PCI
Biotech, Oslo, Norway). 50 uL of fresh medium was added after irradiation and cells survival

assay was performed 24 hours after irradiation by means of the MTT assay as described by
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Gabriel et al. *°. Positive and negative controls were treated with complete medium or 0.1%
Triton in NaOH 5M, respectively. Percentage cell survival was calculated with respect to

control samples, as follows:
[A (test-conc.) - A (100% dead)] / [A (100% viable) — A (100% dead)]*100. All conditions were

tested in sextuplicates.

2.7. Dark and Photocytotoxicity of Pc (9) on PC3, A549 and HT1080

Similarly to the cell test of (7), (8) and (9) on PC-3 cells, phototoxicity of Pc (9) was
performed on human prostate cancer PC-3, A549 and HT1080 cell lines using an MTT assay.
Cells were seeded in 96-well plates as aliquots of 100 pL containing 1.5 x 10* and 1.2 x 10*
cells respectively, and allowed to grow to 70-80% confluence. Pcs were brought to the desired
concentrations, i.e., 0.5, 1, 2, 3,4, 5, 6, 8 and 10uM by dissolving the corresponding volume
of the Pc stock solution in DMSO in the fresh complete medium. Cells were treated and

analysed as described above.

2.8. Photosensitizers Cellular Uptake in PC-3, A549 and HT1080

The three different cell lines were seeded in 96-well plates and incubated with S5uM of PS
(here (7), (8) and (9)) in complete medium during one hour at 37 or 6°C. After washing with
PBS, cells were lysed using 100 pL of a solution of 1M NaOH and 0.5% Triton and 100 pL of
milliQ water was added to enable solubilisation of PS. A Safire (Tecan, Switzerland) was
used for fluorescence measurements using an excitation wavelength of 610 nm and an
emission wavelength of 680 nm. Fluorescence recorded (Fly) was normalized as a function of
the fluorescence obtained at 680 nm for equimolar and equiabsorbant Pc samples at 610 nm

(Flxo) (Normalized fluorescence = Fl,/ Flyy). Data were obtained in triplicates.

2.9. Intracellular Fate of Pc (9) in PC-3 cells - Confocal Microscopy

PC-3 cells were seeded at a concentration of 6x10” cells per well and allowed to attach during
2 days. Cells were then co-incubated with 120nM of Lysotracker® Green and the 20 uM of
probes during 2 hours. Cells were then washed with HBSS and HBSS with BSA 1% and
subsequently fixed using paraformaldehyde solution at 4%. After fixation, cells were rinsed 3
times using HBSS and once with water and were finally mounted using Vectashield®

mounting medium containing DAPI. Cells were then imaged by confocal fluorescence
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microscopy using Zeiss Axiovert 710 microscope (Carl Zeiss, Jena, Germany).

2.10. Dark and Photocytotoxicity of Pc (1) and Pc (10) conjugates on
PC-3 cells

As described before, PC-3 cells were grown at 70-80% confluence in 96-well plates. Cells
were then exposed to the polymeric prodrugs to desired concentrations of Pcs based on the
loading of the conjugates (i.e. equivalent Pcs). Desired concentrations i.e. 1, 3, 6 and 10uM
were achieved by dissolving the corresponding volume of the conjugates-Pc stock solution in
fresh complete medium. Cells were incubated either with Pc or with Pc based conjugates for
two different incubation times (2 and 8 hours of incubation). Cellular toxicity of these
compounds was investigated under dark and light exposition condition for a light dose of

10J/cm®. Cellular survival was estimated by performing an MTT assay as described before.

3. Results

3.1. Dark and Photocytotoxicity of Pcs on cells

Phthalocyanines for PDT are supposed to be non-toxic without exposition to light but when
activated by light, cell eradication should be achieved. No significant phototoxicity was
observed for compounds (1) to (8). At the highest concentrations a slight cytotoxicity was

noticed for compound (6) (see supplementary informations).

Figure 3 represents the cell survival as a function of Pc (9) concentration in the dark and
exposed to light (to a light dose of 10J/cm?). Due to the cellular tests variability, Pcs inducing

more than 20% of cell death when irradiated were considered as potentially phototoxic.

Compound (9), did not show any significant dark toxicity over the entire range of
concentration. However, as compared to the dark conditions, phototoxicity was observed at
concentration as low as 1 pM and a light dose of 10J/cm?. From our library only Pc (9) shows
the expected phototoxicity, we pursued characterizing this compound in other human cell

lines.
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Figure 3. Pc (9) dark and light toxicity at light doses of 5, 7.5 and 10 J/cm® on (A), PC-3, (B),
AS549 and (C), HT1080 cell lines.

Figure 3 shows compound (9) dark and light cytotoxicity on PC-3, A549 and HT1080 cells as
a function of light and drug dose. In PC-3 cells, a light and PS dose dependent
photocytotoxicity can be observed. Concentrations higher than 1 and 2 uM led to a significant
decrease of cell survival. At 3 uM for light doses of 7.5 and 10J/cm? approximately 50% of
cell destruction is achieved. At PS concentration higher than 4 uM, no significant difference

between the light doses can be observed.

As for PC-3 cells, also in A549 and HT1080 cells, no dark toxicity can be seen, using Pc (9).
Phototoxic effects are visible at a concentration of 2 uM for a light dose of 10J/cm?.
Interestingly, equivalent cell death is achieved at both 5 pM for a light dose of 10J/cm” and
10uM at a light dose of 5 J/em®. At 10 uM, no more A549 cells survived for light doses of 7.5
and 10 J/cm”.

The highest sensitivity to PDT was observed in HT1080. In this cell line, 90% of cell death

can already be achieved at concentration and light doses as low as 4 pM for 7.5 and 10J/cm?.
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3.2. Cellular uptake of Pc (7), (8) and (9) on A549, HT1080 and PC-3 cell

lines
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Figure 4. Cellular uptake of Pc (7), (8) and (9) by A549, HT1080 and PC-3 cells at two
different temperatures i.e. 37 (m) and 6°C (O).

The potential cellular uptake of water soluble Pcs (7) and (8) was compared to the one of
Pc(9) at different temperatures as shown in Figure 7. While high amounts of Pc (9) were taken
up by all three cell lines, only low amounts of Pc (7) and Pc (8) shows were taken up at both
temperatures, presumably explaining the low phototoxicity of these compounds. However, a
significantly lower uptake was recorded when cells are incubated at 6°C with Pcs (9) and (8)
as compared to the 37°C condition, suggesting an energy dependent uptake involving

endocytosis. Furthermore, the total uptake was independent on the respective cell line.

When looking at the uptake of the same Pc by the different cells, all cells took up each Pc to a
same extent. However when comparing the phototoxic effect of these Pcs on the same cells,
the difference of phototoxic effect could probably be due to the cell susceptibility towards the
Pcs rather than linked to the ability of the Pc to be taken up.

Finally, one can establish a parallel between cellular uptake and cell phototoxicity. Hence,
Pc(7)’s lack of phototoxic effect is probably due to a hampered cellular uptake resulting in
loss of efficient in vitro killing. Pc (9), on the other hand, exhibits cellular toxicity that
correlates with efficient cellular uptake, suggesting that Pc (9) reaches target organelles in

cells through endocytosis at a fast pace (in less than 2 hours). Finally, although Pc (8) is taken
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up to a relatively high extent as compared to all Pcs tested, did not exhibit any cellular toxic

effect suggesting a potential promising application in tumor imaging rather than PDT-

mediated tumor treatment.

3.3. Intracellular Fate of Pc (9) in PC-3 cells - Confocal Microscopy

Figure 5. Intracellular localization pattern of Pc (9) in PC-3 cells. The nuclei are stained in
blue using DAPI, PS is depicted in red, while green marks lysomomal structures revealed by
means of Lysotracker Green®.

Two hours after incubation, Pc (9) seems to be localized in vacuolar structures distinct from
the lysosomes as shown in Figure 5. Based on the intracellular uptake, Pc (9) internalization is
expected to follow an endolysosomal pathway which is confirmed by confocal microscopy.
However, low/no colocalisation with lysosomal structures could be observed under these
conditions suggesting that either the incubation time was not long enough for the Pc to reach

lysosomes or that there could be a lysosomal escape of the Pc and formation of vacuolar

structures.
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3.4. Dark and Photocytotoxicity of Pc (1) and Pc (10) conjugates on PC-3
cells
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Figure 6. Photoxicity of Pc (1) (A) and Pc (10) (B) and their respective Pc-conjugates at a
light dose of 10 J/cm” on PC-3 cells.

Phototoxicity of Pc (1) and Pc (10) and their corresponding polymeric conjugates is presented
in Figure 6A and 6B, respectively. No dark toxicity was observed for all Pc and Pc conjugates
studied after 2 or 8 hours of incubation (data not shown). Moreover, while no photoxic effect
was observed in PC-3 cells after irradiation at 10J/cm” for the free Pcs, their respective
conjugate counterparts exhibited noticeable phototoxic effect by provoking approximately
40% and 80% of cell death for conjugate Pc (1) and conjugate Pc (10) respectively, at the
highest drug dose of 10 uM (expressed as equivalent of PS on conjugates) at 10J/cm’. By
increasing the water solubility of these Pcs by PLL conjugation, we were able to improve its
PDT outcome and phototoxicity while maintaining its harmlessness under dark conditions.
Hence, these preliminary results constitute a proof-of-principle in the promising approach that

is the polymeric prodrug Pc approach.

4. Discussion

We and others have reported the application of polymeric photosensitizer prodrugs for both

for imaging and PDT of cancer and inflammatory diseases'®>%**

. The most recent approach
consists in three parts where a polymeric backbone has the chemical versatility to enable

coupling of a targeting moiety (e.g. protease cleavable peptide) and active drug (e.g. PS).

The aim of this study was to identify potentially photoactive PS for subsequent development

into prostate cancer probes and active molecules for PDT and fluorescence imaging.
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All evaluated Pcs investigated in this study should in principle show significant
photocytotoxicities. Indeed, it is reported that even though metallation of Pcs with
diamagnetic metal ions such as tin and zinc is associated with high triplet state yield, longer

384346 paramagnetic metal

triplet state lifetimes and subsequently high singlet oxygen yields
ions such as silicon and non metallated Pcs can be highly photodynamically active as shown
by the investigation in clinical trials of Pc 4 (a silicon based Pc)*’, and by Feofanov ez al** and
Karmakova et al*® on other Pcs. In the pool of phthalocyanines tested, only Pc (9) exhibited
significant light toxicity under our conditions. This may be explained by the propensity of Pcs
to form aggregates especially in aqueous cell medium especially for compounds (1) and (6).
Indeed, aggregation of Pcs lowers dramatically their singlet oxygen quantum yield, rendering
them inefficient as photosensitizers for PDT*. In order to decrease their potential stacking,
axial ligation of substituants to the central metal ion was adopted for Pcs (3), (4) and (5). In
order to further decrease the aggregation potential of insoluble Pcs™, addition of 20% of FBS
was tested. However, cytotoxic effects were observed which were attributed to the amount of

FBS itself (data not shown). Therefore, FBS was maintained at 10% for all in vitro

investigations.

Furthermore, we investigated water-soluble Pc (compounds (7), (8) and (9)). The water
solubility is supposed to prevent Pc’s loss of activity due to PS aggregation. One way of
reducing the propensity of Pcs towards aggregation is the introduction of polar groups such as
—OH, -COOH and -SOsH at their periphery’'>*. By varying the number of sulfonated groups
coupled to the Pc, one can modify the Pc towards an amphiphilic (e.g.disulfonation) and even

a hydrophilic character (tetrasulfonation), Pc (7) falls into this chemical approach.

Another approach is the coupling of molecules with one or more PEG entities. Besides
increased water solubility, the PEGylation of Pc (8) and Pc (9) was aiming at longer
circulation time in the body, thus, presumably resulting in higher accumulation in tumors >
During the past decades, several studies reported synthesis and evaluation of PEGylated Pc

with relatively successful effect in vitro and in vivo™ .

In this article, we report synthesis and in vitro evaluation of two PEGylated Pcs. Indeed, Pc(8)

combines axial ligation and PEGylation strategy whilst Pc (9) is peripherally PEGylated.

Significant PDT efficacy was observed only for Pc (9) on A549, HT1080 and PC-3. Cell

death was achieved at drug doses as low as 2 pM and a light dose of 10J/cm?. Moreover,
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complete destruction of tumor cells was achieved at 10 uM in the case of A549 and HT1080

64,65 reported ICsy values (drug dose

for the same light dose. Similarly, Ng and co-workers
responsible for 50% of cell death) on human colorectal adenocarcinoma HT29 and on human
hepatocarcinoma HepG2 cells ranging from 0.02 to 3.72 uM. However, these Pcs had to be
formulated in Cremophor EL emulsions due to solubility issues. In 2011, Tuncel e al®' were
able to achieve in vitro phototoxicity of water-soluble PEGylated Zinc Phthalocyanine on
HT29 cells without incorporation into a Cremophor EL formulation. However, phototoxic
effect was approximately two orders of magnitude lower than the one reported by Ng et al.

with the lowest ICsy reported of 85 uM for a light dose of approximately 4 Jem®. In the
present study, ICs of Pc (9) for a light dose of 5 J/cm” was about 4 uM.

Pc (9) efficiency as phototosensitizer may be due to its amphiphilic character as compared to
the hydrophilic (7). Amphiphilicity of a PS is considered to be advantageous for both cellular

uptake and accumulation of the phototoxic alge:nt3 3:51,54,66-70

Based on Figure 7, Pc (9)’s efficacy is associated with an effective cellular uptake. It was

observed that the internalization of Pc (9) was lower at 6°C, suggesting that the Pcs diffusion
through the cell membrane implicates an energy dependent process. Based on confocal
fluorescence microscopy, Pc (9) seems to accumulate in endosomal vacuoles distinct from
lysomes after 2 hours of incubation. Since Pc (9) exhibits significant phototoxic effects after
the same incubation time, one might suggest that this phenomenon lies in the targeting of
other organelles or disruption of cytoplasm. Finally, since PEGylation is known to increase
the body-residence time and stability in vivo, these promising in vitro results suggest that Pc

(9) could be of great value for in vivo PDT treatment of cancer.

As shown by Figure 7, Pc (7) inefficacy is due to a very low cellular uptake rather than
aggregation in aqueous media. Its hydrophilic character seems to hamper its diffusion through
cellular membrane in vitro which results in lower cellular uptake, accumulation and PDT
effect. This is not surprising since it was reported earlier by Chan ez al.”"**% and by Wohrle

1°* that the tetra- and tri-sulfonated Pcs had a lower efficacy than their less sulfonated

et a
homologues, in vitro. In vivo however, Chan et al. reported that AIPcS, was more potent than
AlIPcS; and AlPcS,, despite its lower accumulation in tumor xenografts. This discrepancies
were attributed to differences in pharmacokinetics and biodistribution of these

51,68,69,71

compounds . Hence, tetrasulfonated Pcs seem to provoke indirect tumor destruction by
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affecting tumor nutrient and oxygen supply leading to tumor starvation through vascular
damage. Based on our observations, it will be interesting to evaluate the efficacy of this
compound in vivo. More interestingly, the possibility to link this compound via its carboxylic
function to polymers and targeting moieties such as in the polymeric prodrug approach could
be beneficial to its PDT effect in vitro as well as in vivo as illustrated by the case of AlPcS,
enhanced PDT effect when coupled to tumor targeting and amphiphilic moieties’” .
However, the PPP approach would add a beneficial enhancement in Pc’s pharmacokinetic

features and selectivity in order to increase its tumor uptake and accumulation as well as its

photodynamic efficacy.

Finally, although Pc (8) did not exhibit any cell phototoxicity as shown by Figure 7, this Pc
accumulated in the three cell types tested to a higher extent at 37°C as shown by Figure 4.
Hence, as for Pc (9), its uptake seems to follow also an energy dependent pathway. This result
suggests that this specific compound could be of major interest for tumor imaging since it
accumulates in tumor cells, with no phototoxicity at the doses tested. Hence, polymer labeling
with Pc (8) could be beneficial for in vivo tumor imaging and tracking as well as for treatment

through fluorescence tumor guided resection without toxic effect.

Finally, based on the illustrative examples of Pc (1) and Pc (10) conjugates, phototoxicity is
achievable also for Pcs that did not exhibit any phototoxic effect on their own. This effect is
based on the improved water solubility of the Pc conjugates as compared to the Pcs alone.
Hence, proof of principle of the Pc based polymeric prodrug approach was obtained and
addition of targeting moieties may further improve therapeutical outcome of PDT-mediated

cancer treatment.

5. Conclusions

Several Pcs were prepared and their phototoxic activity was investigated for further
development into photosensitizer protease based polymeric prodrugs. Among the Pcs
synthesised and tested, only one Pc (9) has shown a significant phototoxic activity towards
tumourous cells, hence suggesting promising application of this Pc for PDT-mediated tumor
ablation. Two other interesting Pcs were identified, i.e. Pc (7) and Pc (8) for potential tumor
fluorescence imaging. These encouraging results are of major value for further investigation

of these Pc in the protease based prodrug approach and efforts should be put on the
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development of such probes for tumor targeting and destruction in vitro and in vivo. Other
applications for chemical coupling of Pcs to DNA, peptides, polymers and other structures
and biomaterials could be envisaged for imaging and therapeutic outcome. Finally, proof-of-
principle of this concept was illustrated with two inefficient Pcs on their own at the drug and
light doses applied in this study but that exhibited significant phototoxic effect when

conjugated to water soluble polymer and moieties for similar drug and light doses.
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ABSTRACT

Published in Molecular Cancer Therapeutics 12(3), 306-313, 2013

Frequent side effects of radical treatment modalities and the availability of novel diagnostics
have raised the interest in focal therapies for localized prostate cancer. To improve the
selectivity and therapeutic efficacy of such therapies, we developed a minimally invasive
procedure, based on a novel polymeric photosensitizer prodrug sensitive to urokinase-like
plasminogen activator (uPA). The compound is inactive in its prodrug form and accumulates
passively at the tumor site by the enhanced permeability and retention effect. There, the
prodrug is selectively converted to its photoactive form by uPA which is over-expressed by
prostate cancer cells. Irradiation of the activated photosensitizer exerts a tumor-selective

phototoxic effect.

The prodrug alone (8 uM) showed no toxic effect on PC-3 cells, but upon irradiation the cell
viability was reduced by 90%. In vivo, after systemic administration of the prodrug, PC-3
xenografts became selectively fluorescent. This is indicative of the prodrug accumulation in
the tumor and selective local enzymatic activation. Qualitative analysis of the activated
compound confirmed that the enzymatic cleavage occurred selectively in the tumor, with only

trace amounts in the neighboring skin or muscle.

Subsequent photodynamic therapy studies demonstrated complete tumor eradication of
animals treated with light (150 J/em?® at 665 nm) 16 hours after the injection of the prodrug
(7.5 mg/kg). These promising results evidence the excellent selectivity of our prodrug with

the potential to be used for both, imaging and therapy of localized prostate cancer.

KEY WORDS: Polymeric prodrugs; protease-sensitive prodrugs; photodynamic therapy;

urokinase-like plasminogen activator; prostate cancer.
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1. Introduction

Prostate cancer (PCa) is the most prevalent cancer in the male population'. The gold standard
for the treatment of localized disease is radical prostatectomy or radiation therapy. A minority
of low risk patients can be kept under active surveillance, but this often only delays the final
treatment’. The excellent results obtained in the radical treatment come at the cost of frequent
side effects (mainly sexual or urinary dysfunction) and their long-lasting impact on the quality
of life. Mapping biopsies and imaging with endo-rectal coil MRI have laid the foundation for

local therapies, which might cause fewer side effects.

Current options for localized therapy include brachytherapy, cryotherapy, high intensity
focused ultrasound, laser ablation, and photodynamic therapy (PDT)’.

The latter requires three main elements: a photosensitizer (PS), light and oxygen. After
administration, the PS accumulates to some extent in the target tissue and subsequently can be
selectively activated by light to produce reactive oxygen species. With recent progress in light
delivery and dosimetry, the use of PDT is no longer restricted to the skin. Fairly superficial
lesions in hollow organs can be treated*” and PCa is also open to PDT if one inserts optical

devices into the lesions.

HpD, a hematoporphyrin derivative, which is a complex mixture of porphyrins was among the
first PSs assessed clinically. This was followed by the use of a somewhat purified mixture
called Photofrin® that was used to treat PCa’. Subsequently, small prospective clinical trials

7 and 5-aminolevulinic acid®, have been reported. Despite promising PDT

using Foscan®
responses, one observed prolonged skin sensitization in the case of Foscan® and occasional
extra-prostatic tissue injury. This encouraged further research efforts which aimed mainly at
improving PDT selectivity and reducing side effects. In this context, LuTex” and Tookad”
specifically targeting the vasculature combined with local light delivery to the prostate were
evaluated’. Trials for the treatment of primary and recurrent PCa using these agents showed
good tolerability. However, some patients did not respond to the treatment or presented

113 Even with the improved formulation of Tookad®, insufficient

urinary and rectal damage
therapeutic responses and collateral damage have been reported recently (Emberton, IPA

congress, Innsbruck, 2011).

Therefore, improvements in the tumor selective delivery of PS are needed to avoid collateral
damage of the urethra, rectum and urinary sphincter'*. With this goal in mind, we have

developed polymeric protease-sensitive photosensitizer prodrugs (PPPs) following a triple
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targeting strategy: 1) Selective delivery of the PPP into tumor tissue is promoted by the
polymeric carrier through the enhanced permeability and retention effect'’. In its prodrug
form photoactivity is impeded through efficient intramolecular quenching between closely
positioned PS molecules on the polymeric carrier. 2) Proteolytic activation occurs via
cleavage of the peptide linkers by urokinase-like plasminogen activator (uPA), which is over-
expressed by PCa cells'®. Release from the polymeric backbone thus reestablishes the PS’s
photoactivity selectively in the target tissue. 3) Local irradiation further increases selectivity

and induces toxic radicals.

In a previous study, we have reported on a prodrug candidate (uPA-PPP-4) capable of
accumulating in PCa tumors and being activated by upregulated urokinase-like plasminogen
activator (uPA)'’. The present report investigates the therapeutic potential of this prodrug by
evaluating its phototoxic effect in vitro in PC-3 and luciferase-transfected PC-3M-luc-C6

cancer cells as well as in vivo in a PCa xenograft-model.

2. Materials and Methods

2.1. Compounds
uPA-PPP-4 (Figure 1) consisted of multiple copies of the photosensitizer pheophorbide a
(Pba) attached to a poly-L-lysine backbone via GSGRSAG peptide sequence. It was

17,1 . . .
718 as well as in more detail in

synthesized and characterized as described previously
Supplementary Materials and Methods. The purity of the prodrug was confirmed by RP-
HPLC, with monitoring at 280, 330 and 450 nm. A prodrug mass of approximately 108 kDa
was confirmed by SEC-MALLS-RI-UV using a column Waters Ultrahydrogel linear (column
temperature: 35.0 + 0.2°C; mobile phase: 0.15 M acetic acid, 0.1 M sodium acetate, 0.05%
NaNj; at a pH of 4.0; flux: 0.4 mL/min). This system contains a pump: Waters Alliance HPLC
system (Milford, MA), and three detectors: a Schambeck RI detector (Bad Honnef, Germany),
a light-scattering detector Wyatt MiniDawn (Dernbach, Germany), and a UV-VIS detector

Waters Lambda-Max (Milford, MA).
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Figure 1. Schematic representation of the macromolecular prodrug uPA-PPP-4. The prodrug
is synthesized with an average loading of 30% Pba-peptides per polymer chain. The
polymeric backbone is modified with a single high molecular weight mPEG (20kDa) and the
remaining e-lysine residues are capped with mPEOQs.

2.2. Cell culture

PC-3 cells (ATCC, Manassas, VA) from human PCa origin were cultured in F-12 growth
medium supplemented with 10% FBS. Luciferase-transfected PC-3M-luc-C6 cells, a kind gift
of Caliper LifeSciences (Hopkinton, MA), were maintained in MEM/EMBSS with 10% FBS,
non-essential amino acids, L-glutamine, sodium pyruvate, and MEM vitamin solution. Both
cell lines were grown as monolayers at 37°C in a humidified incubator containing 5% CO,.
The cells were harvested using TrypLE Express, and passaged every 4 to 5 days. Cell lines

used in this study were not authenticated.
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2.3. Invitro PDT

Phototoxicity was tested on PC-3 and luciferase-transfected PC-3M-luc-C6 cells. Aliquots of
1.2 x 10*and 1.0 x 10* cells, respectively, in 100 pL complete medium were seeded in 96-well
plates and cultured for 12 hours to 70% confluence. Cells were given fresh complete medium
containing uPA-PPP-4 at final concentrations of 0.5, 1.0, 2.0, 4.0 and 8.0 uM Pba equivalents
for 6 hours. Cells were washed twice with sterile HBSS and fresh medium was added. Plates
were either placed on a light table equipped with OSRAM L 18W/67 Blue light tubes (PCI
Biotech, Oslo, Norway) or kept in the dark. The radiation intensity was 7.5 mW/cm®. Cells
were irradiated at light doses of 2.5, 5.0 and 10 J/cm®. Cell viability was measured using a
mitochondrial MTT assay 24 hours after irradiation. First, cells were washed once with 200uL
HBSS and 50 pL MTT (Img/mL) in complete medium was added into each well. After
3hours, DMSO (200 pL) was added to dissolve formed violet formazan crystals. After brief
agitation on a microplate shaker, the absorption at 525 nm was measured with a plate reader
(Saphire, Tecan, Switzerland). Positive and negative controls were treated with complete
medium or 0.1% Triton in NaOH 5M, respectively. Percentage cell survival was calculated
with respect to control samples, as follows: [A (test-conc.) - A (100% dead)] / [A (100%
viable) — A (100% dead)]*100. All conditions were tested in sextuplicates.

2.4. Prostate cancer model

Female swiss Nu/Nu mice (5 to 6 weeks, 17 to 22 g) were supplied by Charles River
Laboratories (L’ Arbresle, France). The mice were maintained with ad libitum access to sterile
food and acidified water in a light cycled room acclimatized at 22 + 2°C under pathogen free
conditions. All experimental procedures on animals were performed in compliance with the
Swiss Federal Law on the Protection of the Animals, according to a protocol approved by the
local veterinary authorities. To induce xenografts, 1.5 x 10° cells were injected
subcutaneously into the dorsal region of mice. Tumors of approximately 200 mm® in size

were formed within 3 weeks after inoculation.

2.5. Invivo PDT
PC-3M-luc-C6 xenograft bearing mice (n=7) were injected retro-orbitally with uPA-PPP-4
(7.5 mg Pba equivalents /kg) when tumors had an estimated volume of 200 mm”® (3-4 weeks

after inoculation). Tumors were irradiated with a light dose of 150 Jem? at 665 + 5 nm
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(Ceralas 1 670, Biolitec; Jena, Germany) 16 hours after conjugate administration. The
radiation intensity was 70 mW/cm®. Animals were maintained under 1-2% isoflurane
inhalation during irradiation. Two other groups of animals received drug alone (n=4) and light
alone (n=4). PDT effects were followed up to 90 days by bioluminescence imaging of animals
using an IVIS 200 small-animal imaging system (Caliper Life Sciences Inc., Hopkinton, MA).
10 to 15 minutes before in vivo bioluminescence imaging, animals received an intra-peritoneal
injection of D-luciferin (150mg/kg in DPBS). Mice were sacrificed when tumors reached
volumes bigger than 1000 mm® or at the end of the study (90 days after treatment). Data were

analyzed with Living Image 3.0 software (Caliper Life Sciences Inc.).

2.6. Qualitative analysis of prodrug cleavage products

Cleavage products were qualitatively analyzed in tumor, skin and muscle homogenates of the
corresponding tissues 16 hours after systemic administration of uPA-PPP-4 (7.5 mg Pba
equivalents/kg). Briefly, frozen tissues were weighed and homogenized with a solution
containing a protease-inhibitor cocktail (5 pL per 100 mg tissue) and acetonitrile:water (1:1;
I mL per 100 mg tissue) by means of a tissue homogenizer (Eurostar digital IKA; Werke,
Staufen, DE). The suspensions were sonicated (15 min at 14 kHz) and centrifuged (15 min at
1450 rpm). The supernatant was collected and extraction was repeated twice as described.
Collected supernatants were lyophilized and subsequently reconstituted in acetonitril:water
(1:1; 1 mL/100 mg tissue). Samples were sonicated (5 min, 14 kHz), filtered and subjected to
analytical HPLC (LaChroma, Merck, Darmstadt, Germany) with a fluorescence detector
(Aex=405 nm, Ae,=670nm). Separation was performed on a C18 column (Nucleodur gravity 3p

CC 125/4; Macherey-Nagel) using a 0.01%TFA/water/acetonitrile gradient.

2.7. Statistical analysis
Mean + SD values were used for expression of data. Statistical analyses of data were done

using Student’s t test. Differences of P < 0.05 were considered statistically significant.

3. Results

The phototoxic effect induced by uPA-PPP-4 was investigated in the uPA-overexpressing
PCa cells PC-3""% and its luciferase mutant PC-3M-luc-C6 cells. The latter was chosen for

the subsequent quantitative assessment of PDT studies in vivo. The effect of PDT on cells
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treated with prodrug (0.5, 1.0, 2.0, 4.0 and 8.0 uM Pba equivalents), either irradiated with a
light dose of 2.5, 5.0 and 10 J/cm? or kept in the dark is summarized in Figure 2.

125+ I

1254 I
100+ éé
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Pheophorbide a equiv [pM] Pheophorbide a equiv [uM]
Figure 2. Light and drug dose-dependent phototoxicity induced by uPA-PPP-4 in (A) PC-3
and (B) PC-3M-luc-C6 cells. After incubation with the prodrug for 6 hours, cells were kept in
the (m) dark or irradiated at (=) 2.5 J/em?, (=) 5 J/em® or (o) 10 J/em®.
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Both cell lines display a light and drug dose-dependent cell survival. uPA-PPP-4 alone
presented little to no toxic effects as shown by cell survival percentages around 100% for all
prodrug concentrations. Phototoxic effects were particularly evident at PS dose of 4.0 uM or
higher. In PC-3 cells at 8 uM of Pba equivalents approximately 50% of cells survived
irradiation with 2.5 or 5 J/em® of light, while at a dose of 10 J/cm® only 5% of cells remained
viable. In PC3-3M-luc-C6 cells similar dose-response curves were observed. Cell survival
after treatment with 4.0 and 8.0 uM of Pba equivalents at all light doses were not statistically
different between PC-3 and PC3-3M-luc-C6 cells (P values > 0.05) except for the condition
8 uM-5 J/em?® (P=2.11 x 107).

We have used PC-3M-luc-C6 as basis for our experimental animal model for PCa, since they
allow non-invasive monitoring of tumor growth through bioluminescence in a quantitative
manner”'. In this study, bioluminescence was used to assess the photodynamic efficacy of
uPA-PPP-4 on tumors. Using whole body fluorescence imaging we found that tumors became
selectively fluorescent 16 hours after prodrug administration'’. Figure 3 illustrates the typical
colocalization of fluorescence (rainbow-color scale) and bioluminescence (yellowhot-color
scale) signals at this time point. Therefore, we selected this condition as drug-light interval in

further PDT studies.
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Figure 3. A, tumor fluorescence intensity 16 hours after retro-orbital administration of
2 mg/Kg of uPA-PPP-4 (as Pba equivalents). B, bioluminescence of luciferase-expressing
PC-3M-luc-C6 tumor 15 minutes after intra-peritoneal injection of D-luciferin.

HPLC analysis of tissue extracts confirmed the presence of the expected photoactive Pba-

GSGR fragment inside tumors (see Figure 4). Concentration of this compound in tumor was

27 times higher than in the skin. Some smaller fragments with longer retention times

presumably due to further proteolytic processing were also found in the tumor and also to a

much smaller extend in the skin. In contrast, no photoactive fragments were found in muscle.

Fluorescence [a.u.]

Time [min]

13

Figure 4. Analytical HPLC analysis of tumor (- —), skin (---), and muscle (—) extracts. In
tumor a major peak was found at 7.5 minutes, corresponding to the cleaved Pba-peptidyl-
fragment. The small peaks at 6.3 and 10 minutes are other minor cleavage Pba peptidyl-
fragments. The same compounds were detected in skin in trace amounts. In muscle, no
cleavage products were detected at all. Chromatograms show representative traces of mouse
tissues 16 hours after retroorbital injection of uPA-PPP-4 (7.5 mg Pba equivalents /kg).
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For PDT, 7.5 mg Pba equivalents per kg of prodrug was given to the mice via retroorbital
injection and 16 hours later, tumors were irradiated with 150 J/cm® at 665 + 5 nm. The
radiation intensity was 70 mW/cm?. Animals receiving the drug alone or irradiated with light
alone were used as controls. Figure 5A shows a sequence of images before and after PDT
taken on one mouse which ended up with complete remission. Bioluminescent images taken
15 minutes after administration of D-luciferin were used to quantify PCa cells. On the average
a tumor volume of 200 mm’ corresponds to 2.5 x 107 photon s™. Macroscopically, one day
after treatment a local inflammatory response was visible. Inflammation developed into
necrosis that appeared as a dark crust on the skin by day 3 and this was succeeded by healing
and complete elimination of the tumor as confirmed with the bioluminescence image. The
absence of a bioluminescent signal, which persisted over 90 days, indicated complete
destruction of the tumor associated cells. Figure 5B summarizes the ROI analysis of
sequences of images obtained for the three treatment regimes (PDT, drug alone and light
alone) until day 15 after treatment. Mice receiving both light and drug showed a three log
reduction of tumor bioluminescence already the day after treatment. In this group the mean
bioluminescent signal remained below the initial value for at least 30 days (See
Supplementary Material Figure 7). In contrast to PDT, light alone showed a slight reduction
on tumor bioluminescence (P = 0.002). No reduction in bioluminescence was observed for
animals receiving prodrug alone (P = 0.001). In both control groups, we observed a 4-fold
increase in tumor bioluminescence until day 15 after treatment, day at which the animals were

euthanized. No significant difference between control groups could be established (P = 0.6).
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Figure 5. Treatment response was evaluated in terms of the remaining bioluminescence.
A, in vivo imaging of a PC-3M-luc-C6 tumor-bearing mouse receiving PDT. The animal was
administered with 7.5 mg Pba equivalents/kg of the prodrug and 16 hours after, the tumor was
irradiated with a light dose of 150 J/cm” at 665 + 5 nm. The radiation intensity was
70mW/cm®. Images were taken 15 minutes after peritoneal injection of d-luciferin. The
intensity of the signal is correlated to cell density. The sequence on the top corresponds to the
white-light images, from left to right: before, day 1, 3, and 90 after PDT. The sequence on the
bottom corresponds to bioluminescent images, which confirmed total eradication of tumor
cells. B, relative bioluminescence of PDT (e; n = 7), drug alone (4; n = 4) and light alone
(=; n=4) groups. Tumor growth was monitored weekly by in vivo bioluminescence imaging.
Images were taken 15 minutes after peritoneal injection of d-luciferin. Because control mice
had to be sacrificed 15 days after PDT, comparison was done only for this period.
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The survival of mice treated with PDT, prodrug alone, and light alone is presented in

Figure 6.
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Figure 6. Survival curves in PCa xenografted mice after PDT (—) as compared to control
groups of light alone (— —) or drug alone (---). Animals receiving PDT were treated with
7.5mg Pba equivalents /kg of the prodrug. 16 hours after administration, tumors were
irradiated with a light dose of 150 J/cm® at 665 + 5 nm. The radiation intensity was
70mW/cm?. * The study was concluded after 90 days.

Animals treated with either prodrug alone or light alone had to be sacrificed before or on day
15 after treatment because of high tumor burden. The PDT survival curve was significantly
different from these two groups (P = 0.001). Four animals which presented partial response to
PDT were sacrificed on day 30 or 45 after treatment (57% survival). Complete remission to
PDT treatment was observed in the 3 remaining mice (43% survival), which were sacrificed at

the end of the study (90 days).

4. Discussion

Today, uPA is recognized as one of the key players in tumor progression in a wide panel of
pathologies. Therefore, it has been identified as a target to specifically release cytotoxic
agents. The first uPA sensitive prodrug was reported by Chung and Kratz*. It consisted of an
albumin-bound doxorubicin containing a uPA substrate. This compound was stable in human
plasma and the maximum tolerated dose was 4.5-folds the dose of free doxorubicin as
determined in a single nude mouse experiment. Subsequently, other uPA-sensitive prodrugs
of TNF* and anthrax toxin®* containing motifs recognized by uPA have been evaluated,

providing in vivo evidence of potent antitumor effects. Recently, a doxorubicin analogue was
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used for the development of an uPA-sensitive prodrug platform®. The evaluation of one of
these prodrugs in a variety of cancer cells lines showed a powerful inhibition of cell growth

when activated in vitro.

The first polymeric photosensitizer prodrugs were developed by Choi et al.*® for a more
selective PDT. In this first generation PPP, multiple copies of the photosensitizer are tethered
to a protease-sensitive polymeric backbone?*?’. A major drawback of these compounds is
their limited selectivity, since all proteases recognizing a Lys-Lys motif are able to activate
them. To circumvent this problem a second generation PPPs have been developed introducing
a small peptide linker between the PS and the polymeric backbone'®. In this new design the
linker-sequence is constructed according to the specific cleavage requirements of proteolytic
enzymes of the target site.

Due to the known overexpression of uPA in PCa'®*

, we began to explore the potential of
uPA-sensitive PPPs for a selective PDT of PCa. Upon the known uPA-sensitive substrates we
have chosen the GSGRSAG peptide sequence for our PPPs”. These have been characterized

and optimized in our lab in the last years' "’

We have demonstrated the selective cleavage of uPA-PPPs by uPA in the test tube and in the
PCa cell lines DU145 and PC-3 overexpressing this protease®’. We further demonstrated a

selective accumulation/activation in a PCa-xenograft model'’

. In the present study, we
combined enzymatic prodrug activation with light irradiation to obtain a phototoxic
therapeutic effect. Because we have mostly used the wild type line PC-3 for in vitro
optimization but intended to monitor PDT effects in vivo, we first investigated prodrug
phototoxicity with a luciferase transfected mutant, PC-3M-luc-C6. Both cell lines were
susceptible to PDT with uPA-PPP-4 and no dark toxicity was observed at the applied

conditions.

Using in vivo fluorescence imaging, we observed a highly selective tumor fluorescence
16hours after prodrug administration. According to a previous study comparing the tumor
fluorescence after administration of the prodrug and its analogous non-cleavable conjugate,

this selective signal is mainly due to the site-specific proteolytic activation'’.

We further looked into the prodrug selectivity by analysis of various tissue samples for
cleavage fragments. HPLC analysis of tumor tissue revealed a major peak corresponding to
the Pba-GRGS fragment, whereas neighboring skin contained only insignificant amounts of

the cleavage product. In previous studies using orthotopic PCa models, PS (BPDMA) content
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in tissues in close proximity to the prostate including nerve, rectum, and lymph node were
found to be similar to those found in skin®'. However, comparison of the PS distribution

2
3, and

between orthotopic and subcutaneous tumors has shown significant differences
therefore, the prodrug accumulation/activation in prostate surrounding tissues will need to be

addressed by performing studies in an orthotopic model.

In vivo, uPA-PPP-4 produced a strong photodynamic effect after irradiation of fluorescent
PC-3M-luc-C6 tumors. Bioluminescence images show a drastic reduction of tumor cells in all
animals included in the PDT group. 3 animals were completely cured from PCa after PDT
(43% cure rate). In these animals the total bioluminescence was reduced by three orders of
magnitude as compared to the pretreatment images. Only few PCa cells remained after
treatment in 4 animals. However, tumor growth was delayed and tumors reached original
volumes only 15 days after treatment or later. The phototoxic effect induced by prodrug alone

and by light alone was negligible.

Successful eradication of PCa bulky tumors has been also achieved with a single session of
the “vascular” PDT agent, Tookad®™. Tookad® is so far, one of the most studied PS in the
treatment of PCa and currently under clinical investigation for recurrent PCa'’. In the present
in vivo studies, our prodrug has shown results that indicate that more satisfactory outcomes of
PDT can be expected in the future, thus overcoming some of Tookad™*s limitations. In the
case of Tookad® collateral damage to the urinary and rectal function has been observed in the

clinical trials'>"3.

In the present study, bioluminescence imaging helped to evaluate the tumor progression non-
invasively. Furthermore, the ratio between the photon counts before PDT and 1 day after was
indicative for the therapeutic outcome. This is in accordance with Fleshker et al** who
evaluated bioluminescence imaging in the treatment of breast cancer with WSTI11 after
“vascular” PDT. We found that an average reduction of more than 3-log values was necessary
to cure the animals. Thus, bioluminescence imaging can also help to improve the cure rate and

adapt photodynamic treatment regimes.

To further improve the therapeutic outcome, repetitive PDT can be envisaged to address the
occasional partial response. This concept of repetitive PDT has been already studied in
spheroids models, in vivo and in the clinic mostly for the treatment of brain cancer’>™’.
According to these studies, the use of multiple sessions enhanced elimination of deep tumor

cells infiltrating the surrounding brain. Combination treatments might also help to improve
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PDT efficacy. It is now widely accepted that stress induced through photodynamic insult in
certain cases initiates signaling pathways, leading to VEGF increase in PCa cells*’, which in
turn contributes to tumor survival and regrowth. In this context, PDT in combination with

anti-angiogenic agents for PCa might result in an increased anticancer response.

5. Conclusions

We developed a uPA-sensitive prodrug that is not toxic to PCa cells but efficiently
inactivates cells in vitro after enzymatic activation and exposure to light. Activation of the
prodrug occurs selectively in the tumors and is correlated with uPA overexpression. In vivo
PDT can completely eliminate PCa xenografts as demonstrated by bioluminescence
imaging. More research in orthotropic PCa models is envisioned to confirm the potential

advantages of our strategy over other current PDT approaches.
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Supplementary material

Chemicals

Anhydrous forms of dichloromethane (DCM), dimethylformamide (DMF), dimethylsulfoxide
(DMSO), acetonitrile (ACN), diethylether and trifluoroacetic acid (TFA) were purchased
from Acros Organics (Geel, Belgium). HGly-2-chlorotrityl resin (1.1 mmol/g), Boc-glycine,
Fmoc-glycine, Fmoc-alanine, triphenylisopropylsilane, N,N-diisopropylethylamine (DIPEA),
piperidine, picrylsulfonic acid aqueous solution (1 M), sodium iodide and ethanol were
obtained from Fluka (Buchs, Switzerland). The L-aminoacids Fmoc(tBu)-serine, Fmoc(Pbf)-
arginine, as well as O-(7-azabenzotriazol-1-yl)-N,N,N,N-tetramethyluronium
hexafluorophosphate (HATU) were purchased from Genscript (Piscataway, USA). Poly-L-
lysine HBr (PL; 18 kDa) were provided by Sigma-Aldrich (Buchs, Switzerland).
Pheophorbide a (Pba) was purchased from Frontier Scientific (Carnforth, UK). mPEG-SPA
(20 kDa) was purchased from Nektar (San Carlos, USA). mPEOg-NHS, were provided by

ThermoFisher Scientific (Erembodegem, Belgium).

Synthesis of prodrug

uPA-PPP was synthesized in three steps. The L-configured peptide GSGRSAG containing the
reported urokinase minimal substrate was synthesized using standard Fmoc chemistry.
Subsequently, NHS-activated pheophorbide a (Pba) was coupled to the N-terminus of the
peptide and the corresponding Pba-peptide conjugate was purified by preparative RP-HPLC
(Waters Delta 600 HPLC) on a C8, Nucleosil 300-10 column (Macherey—Nagel) using a
0.01%TFA/water/acetonitrile gradient and molecular mass was analyzed by ESI-MS, with a
Finnigan MAT SSQ 7000 (Thermo Electron Co. Waltham, MA).

Pba-peptide was then loaded on PL (25 units per 100 free epsilon-NH; groups of the PL). For
this propose, Pba-peptide (3.06 mg, 3.1 x 10 ®mol), PL 18 kDa (2.00 mg, 0.11 x 10™ °mol,
1.1x 10 °mol of —NH, functions), and HATU (1.36 mg, 4.03 x 10" °mol, 1.3 equivalents
based on Pba-peptides to be activated) were dissolved in DMSO (0.65 mL) and, DIPEA
(3.7 mg, 3.3 x 10" ° mol, 3 equivalents of free -NH, functions of PL) was added to the stirred
solution. The reaction was carried out in the dark under argon for 4 hours at room
temperature. Complete loading of the Pba-peptide on PL was confirmed by analytical RP-
HPLC.
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The polymeric carrier was further modified by the covalent coupling with high molecular
weight methoxypoly(ethylene glycol) (mPEG) chains and secondly, by capping the remaining
epsilon-lysine residues with methyl octa-ethylene oxide (mPEQg). For this propose, mPEG-
SPA 20 kDa (1.91/3.83 mg, 9.56/19.1 x 10" ®mol 1.1 equivalents based on the number of -
NH; of PL in 0.2 mL DMSO) was added to the PL-Pba-peptide solution under stirring and at
19 C°. The reaction was kept in the dark and left to proceed overnight at room temperature.
Then, mPEOg-NHS (3.61mg, 7.01 x x 10 mol; 0.1 mL in DMSO) was added. The reaction
was kept in the dark and left to proceed overnight at room temperature. The crude product
was purified by size exclusion chromatography using a sephacryl™ S-100 (Amersham
Biosciences, Otelfingen, Switzerland) column and a mixture of acetonitrile/water/TFA
(30:70:0.0025) as eluent. The fractions containing the product were pooled, lyophilized and
stored light-protected at -20 °C until use.

plseci/om™2/st

Color Bar
Min = 7.50e5
Max = 7.50e6

Figure 7. Bioluminescence imaging of three PCa-xenografted-mice before and 30 days
after PDT. Animals bearing subcutaneous prostate tumors were treated with 7.5 mg/kg of
uPA-PPP as Pba equivalents and 16 hours after injection, tumors were irradiated with
150J/cm® at 665 + 5 nm. Images were taken 15 min after intra-peritoneal injection of
D-luciferin.
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Chapter IV

ABSTRACT

Recently, photosensitizer (PS) based protease-sensitive prodrugs have been successfully
tested in vitro and in experimental animal models for photodynamic therapy (PDT) and
fluorescence imaging of cancer. Until today, two main strategies have been followed for this
purpose. The first is based on the coupling of a pair of PS or PS/quencher on each extremity
of a protease-sensitive peptide linker. The second approach consists of the grafting of multiple
copies of a photosensitizer (PS) on a polymeric carrier directly or through a protease-sensitive
peptide linker. Due to energy transfer, such prodrugs exhibit no or only low native
fluorescence and reactive oxygen species (ROS) production upon excitation with light.
Following proteolytic cleavage, release of the PS occurs and fluorescence signal amplification
and ROS production can be observed. Although the use of a polymeric carrier results in high
quenching efficiencies, this approach is mainly limited by batch-to-batch variability of the
polymeric carrier and the unknown exact chemical nature, due to the statistical approach of
compound preparation. In this study, a novel approach is presented where a defined
cyclopeptidic scaffold is used as a versatile drug delivery system for the PS pheophorbide-a.
Fluorescence quenching, selective proteolytic activation, water-solubility and phototoxic
efficacy on cancer cell lines have been studied. These properties have been modulated and
optimized through the tuning and variation of 1) the number and 2) nature of the
pheophorphide-protease-sensitive peptides used (urokinase plasminogen like activator (uPA)
or matrix metalloproteinase-2 (MMP-2) sensitive peptides) and 3) the grafting of PEG
moieties of two different molecular weights (5 and 20kDa).

The highest phototoxic effect was obtained for conjugates bearing PEG (20kDa) and multiple
copies of pheophorbide-MMP-2 sensitive peptides. Significant cell destruction (50%) was
observed for these conjugates at low drug doses of 100 nM under a light dose of 10 J/ecm®.
These conjugates presented the appreciable advantage of remaining non-toxic in the dark on
PC-3 and HT1080 cell lines at doses as high as 10 uM, demonstrating a great opportunity for
in vivo PDT-application of this approach.

KEY WORDS: Photodynamic therapy, Regioselectively Addressable Functionalized
Templates, urokinase plasminogen activator, matrix metalloproteinases, drug delivery,
targeting, peptidic scaffolds, oligomeric prodrugs, protease-sensitive prodrugs, cancer,

photosensitizers
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1. Introduction

Photodynamic therapy (PDT) is a non-invasive technique for the treatment of several diseases
such as microbial infectionsl, rheumatoid arthritisz, age-related macular degeneration3 , and
cancer’. PDT is based on the combined effect of three non-toxic components: a
photosensitizer (PS), light, and oxygen. Hence, PDT relies on the PS activation by light,
which subsequently results in cellular damage and destruction through formation of reactive
oxygen species (ROS). To improve pharmacokinetic and pharmacodynamics properties of
conventional PS and reduce the sides effects associated with this treatment, we and others> '
have developed a protease sensitive PS delivery system. The approach named polymeric
photosensitizer prodrugs (PPPs) was adapted from the concept and precursory work of
Ringsdorf'®, Duncan'’ and Kopecek'®. A polymeric backbone bears several moieties of PS-
protease cleavable peptides. Due to the close proximity of the PS moieties in which efficient
energy transfer occurs, the prodrug is optically “silent” in its native configuration. Upon
proteolytic cleavage, PS are released and photoactivity with respect to fluorescence emission
and ROS formation is restored '’. Although proteases are essential enzymes capable of
cleaving peptidic bonds and are involved in many non-pathological conditions such as
coagulation, wound healing and digestion, their overexpression and dysfunction is known to

be associated with cancer.

Proteases such as urokinase-like plasminogen activator (uPA) and matrix metalloproteinases
were reported to be up-regulated in breast, ovarian, colorectal, bladder, and prostate cancers®"”
33, Taking advantage of these pathological features is one way of improving selective delivery

of the PS. The PPP approach using polymeric carriers, although being successfully assessed

89,15 5,34-38

in PDT treatment in vitro and in vivo of prostate cancer and many others , have
some drawbacks with respect to potential clinical use. First, batch-to-batch variations and
high polydispersity of the polymer carrier might impede the transfer to clinical practice.
Furthermore, the exact position as well as exact number of PS per polymeric carrier is
unknown due to the statistical nature of PPP synthesis. In this paper, we propose an
alternative cyclopeptidic carrier system for the protease-mediated delivery of quenched PS
prodrugs. Since the pioneering work of Mutter et al.’’ regioselectively addressable
functionalized templates (RAFT) cyclopeptidic structures have been envisioned as promising
scaffolds. Their high stability toward hydrolysis and enzymatic degradation combined with

their defined and modulable structure that enables orthogonal and versatile chemical
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functionalization of a wide range of chemicals makes them highly valuable tools for drug
delivery. Recently, Dumy and co-workers have reported the successful synthesis and
evaluation of RAFT systems for the study of integrins and imaging of tumors**>’. Although
very promising results were reported for the use of these templates as drug delivery systems
no evaluation of the RAFTs as protease sensitive drug delivery system has been reported so

far.

In this study, we report the development and evaluation of RAFT for protease-mediated drug
delivery for PDT of cancer using pheophorbide a as PS. As illustrated by Figure 1, these
“oligomeric” prodrugs are expected to give low native fluorescence due to efficient energy
transfer as a function of PS loading on the RAFT. However, upon proteolytic cleavage, these
will give rise to increased fluorescence and ROS production leading to Photodetection

(PD)/PDT eftect.

NO/LOW FLUORESCENCE
Energy Transfer
selfquenching ROS
prod.

Restored
photoactivity

K K
T
" I | \

K

Proteolytic cleavage P K G

prod.

FLUORESCENCE

Legend

—. : Pheophorbide protease cleavable peptide {:::l? : Fluorescence emission
. : PEG —O : Pheophorbide peptidyl fragment

Figure 1. Schematic illustration of Peptide Based RAFT-Prodrugs Principle

Figure 1 represents schematically the principle behind the prodrug design approach used in
this study. Before proteolytic cleavage, the prodrug is “silent” due to energy transfer between
the closely positioned photosensitizer (PS) moieties (here pheophorbide a) on RAFT. With

increasing number of PS moieties attached to RAFT, this quenching is expected to increase.
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When the prodrug reaches the target tissue, peptidyl-pheophorbide fragments are released
upon enzymatic cleavage. This release enables imaging and destruction of the diseased tissue

by fluorescence emission of the PS and reactive oxygen species production.

This study investigates the influence of the PS loading on RAFT for suitable
quenching/activation properties. Furthermore, the influence of PEGylation and the influence
of the PEG molecular weight with respect to synthetic yield, water solubility, and PDT
efficacy were evaluated. Finally, two proteases uPA and matrix metalloproteinase-2 (MMP-2)
were targeted using uPA/MMP-2 sensitive peptide linkers and are expected to bring
selectivity toward tumors. The evaluation of these prodrugs was performed in vitro using two
cancer cells lines i.e. human prostate cancer cell line PC-3 and human fibrosarcoma HT1080

cell line.

2. Materials and Methods

2.1. Chemicals

Anhydrous forms of dimethylsulfoxide (DMSO), dichloromethane (DCM), methanol (MeOH)
and ethyl acetate (EtAc), N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), N,N-diisoproprylethylamine (DIPEA), O-(7-aza-
benzotriazol-1-yl)-N,N,N,N-tetramethyluronium hexafluorophosphate (HATU), piperidine,
IM picrylsulfonic acid and triisopropylsilane, HGly-2-chlorotrityl resin (1.1mmol/g), Fmoc-
Gly-OH, Fmoc-Val-OH, Fmoc-Pro-OH, Fmoc-Leu-OH and Boc-Glycine were purchased
from Sigma-Aldrich (Buchs, Switzerland). Pheophorbide a was purchased from Frontier
Scientific (Logan, UT). Methoxy PEG Succinimidyl Carboxymethyl Ester (nPEG-SPA) of 5
and 20 kDa were obtained from Nektar (San Carlos, USA) and JenKem Technology (Texas,
USA) respectively. Acetonitrile (ACN) and Methanol HPLC grade were bought from
Biosolve BV (Valkenswaard, Netherlands) and trifluoroacetic acid (TFA) was purchased from
Acros Organics (Geel, Belgium). Urokinase peptide (GSGRSAG) and cyclic peptide scaffolds
were purchased from CASLO (CASLO Aps (Lyngby, Denmark)).

2.2. Cell Culture Chemicals
The following chemicals were used for the cell culture Trypsin 0.25%-EDTA solution,
Nutrient Mixture Kaighn’s Modification (F-12K) with L-Glutamine, Dulbecco’s phosphate

buffer saline (DPBS) solution without calcium and magnesium, Dulbecco’s Modified Eagle
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Medium (DMEM+ GlutaMAX-I) containing Pyruvate and 1g/L D-Glucose, Penicillin
10’000 units/mL and Streptomycin 10 000 pg/mL solution and 0.25% trypsine-EDTA
solution (1x) were provided by Life Technologies Corporation (Paisley, UK). DMSO as well
as ethanol of analytical grade were purchased from Fisher Scientific (Leicestershire, UK).
Fetal Bovine Serum (FBS) (PAA Laboratories GmbH (Pasching, Austria)), Triton X-100 of
Applichem. (ITW Company, Germany), sodium hydroxide (NaOH) of Reactolab S.A.
(Servion, Switzerland), and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (Thiazolyl Blue Tetrazolium Bromide) (Sigma-Aldrich Company (St. Louis, MO,
USA)) were used for the cellular assays. Urokinase (high molecular weight, human urine) was

obtained from Calbiochem/VWR (Zug, Switzerland).

2.3. Cell Culture

PC-3 cells (ATCC, Manassas, VA) were maintained in monolayers in F-12K medium
supplemented with 10% fetal bovine serum (FBS) and 100uL/mL streptomycin and
100IE/mL penicillin in a humidified incubator containing 5% CO,. HT1080 cells were grown
in monolayers using Dulbecco’s Modified Eagle Medium (1g/L D-Glucose and with
Pyruvate) supplemented with 10% FBS and containing the same amounts of antibiotics as

previously described. Cells were trypsinized using 0.25% Trypsin-EDTA solution.
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2.4. RAFT-Prodrugs Synthesis
Figure 2 illustrates the chemical pathway synthesis of the RAFT conjugate.

I|305 Toc Toc Toc NH, l\|lH2
K K— Peptide K K— Boc K K~ Pheophorbide K
G/Boc \A/ Boch PEGylation G/Boc \A/ Boc | Deprotection G/NH2 \A/ NH; P peptide G N P
| I | | | | coupling
K K

K
A
K —> | K K _ \ K K —_ | K
/ N\
P/ \T/ \G a P/ \K/ \G b F’/ \K/ \G ¢ & \K/ i
NH2 ‘ ‘
RAFT PEGylated Peptide Unprotected Quadri-conjugate

PEGylated Peptide

_‘ : Pheophorbide protease cleavable peptide ‘ :PEG

Figure 2. Schematic view of the conjugates synthesis exemplified by the tetra-conjugate
synthesis. (a) DMSO, PEG-SPA, overnight under argon at RT, dialysis; (b) 50% DCM, TFA,
1h, evaporation; (c) DMSO, HATU, DIPEA, Pheophorbide-peptide, overnight under argon at
50°C, dialysis, filtration and size exclusion purification.

2.5. Synthesis of MMP2-cleavable peptide (GPLGVG)

Synthesis of MMP-2 cleavable peptide was performed using a standard Fmoc strategy >’ on
HGly-2-chlorotrityl resin 200-400 mesh (1.1mmol/g, 0.355g, 0.39 mmol). ESI-MS: 499.3
([MJrH])+ =499.3 calculated for C,,H3oN¢O; and substrate selectivity towards MMP-2 was

reported earlier by Lee ef al.”.

2.6. Synthesis of pheophorbide NHS ester
Synthesis of Pheophorbide a-NHS ester was performed as described previously’.

2.7. Synthesis of pheophorbide peptide cleavable peptides
To a solution of the corresponding peptide (urokinase or MMP-2 cleavable peptide) (30mg,
ImL) in DMSO was added pheophorbide a-NHS ester in DMSO (0.8 equiv., ImL). The base
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(DIPEA, 20 equiv.) was added drop wise and the reaction was allowed to proceed overnight
under argon. The reaction was then quenched by addition of a mixture of 50% water/50%
acetonitrile/0.1% TFA (2.5mL) to reach pH 3. The solution was then filtrated and
pheophorbide peptide was purified by preparative RP-HPLC (Waters Delta 600 HPLC) using
a C18 column (Nucleodur 250x21, Sum column from Macherey-Nagel) at a flow rate of
10mL/min using a gradient water-0.1% TFA/ acetonitrile gradient. Purification was
monitored through absorbance (UV/VIS) at 280 and 400nm and products of interest were
collected, lyophilized and obtained as green solids that were stored at -20°C and kept in the
dark. ESI-MS: 1165.5 ([MJrH])+ =1165.6 calculated for Cs¢H73N 404" obtained for L and D-
urokinase pheophorbide peptides and 1074.3 ([M+H])" =1074.25 calculated for
CsoH73N 00" for MMP-2- pheophorbide peptide.

2.8. Synthesis of PEGylated cyclopeptide

To a solution of the corresponding cyclic peptide (see Table 1) carrying one unprotected
lysine residue on the lower face of the scaffold (5mg) in ImL DMSO was added a solution of
PEG-SPA (0.5 equiv. based on free NH, functions on the cyclic peptides) of 20kDa or 5kDa.
DIPEA (30 equiv. based on free NH; functions on the cyclic peptides) was added drop wise
and the reaction proceed overnight under argon. Dialysis was performed in water for
purification of the corresponding PEGylated cyclopeptides using dialysis membranes of 1000
and 6-8000 g/mol (Spectra/Por® Dialysis Membrane, SpectrumLabs Inc.). The products were
then lyophilized and obtained as white solids. MALDI: See Table 2. Purity was confirmed by
RP-HPLC using linear gradient of water-0.1% TFA/ acetonitrile and UV and Light-Scattering

Detector (see Figure 9 in supplementary material).

2.9. Synthesis of PEGylated cyclopeptide pheophorbide peptide

Boc protections on PEGylated cyclopeptides were first removed by dissolving the products in
a 2mL mixture of DCM/TFA (50/50). After 1h agitation, DCM and TFA were removed by
high vacuum evaporation and after 3 successive cycles of co-evaporation using methanol and
ethyl acetate alternatively. The remaining product was solubilized in ImL DMSO and the
corresponding pheophorbide peptide (7 equiv. based on the deprotected lysines corresponding
to free NH, functions on the cyclic peptides, 500uL) and HATU (3 equiv. based on
pheophorbide-peptide to be activated, 200uL) were added. DIPEA (30 equiv. based on the
number of NH, functions on the PEGylated cyclopeptides) was added drop wise and the
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mixture stirred under argon overnight in an oil bath set to 50°C. Completion of the reaction
was monitored by RP-HPLC and established as the amount of pheophorbide peptide and
reaction time where the peak corresponding to pheophorbide peptide did not decrease any-
more. The reaction was then quenched by adding a water/acetonitrile/TFA mixture
(70/30/0.025%) (4 mL). The resulting solution was dialysed as described above (Mw cut-off=
1000 or 6-8000 g/mol). After dialysis, the solution was concentrated by high vacuum
evaporation and solubilized in water (3.5mL). After, filtration, the solution was purified by
size exclusion chromatography (SEC) using a sephacryl TM S-100 (Amersham Biosciences,
Otelfingen, Switzerland) column and water/acetonitrile/TFA mixture (70/30/0.025%) as
eluent. The fraction containing the corresponding product of interest was lyophilized and
obtained as a green solid that was stored at -20°C away from light exposition. MALDI: See
Table 2.

2.10. Compounds structures, denomination and characteristics
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Figure 3. Schematic illustration of Peptide Based RAFT —Prodrugs Design

Figure 3 shows the schematic representation of mono, di, tri and tetra substituted conjugates
synthesized in this study. First, cyclic peptides listed in Table 1 are PEGylated. Subsequently
one, two, three or four pheophorbide peptide protease cleavable moieties were attached to the
respective carriers. Table 2 lists the conjugates synthesized in this study as well as their

characteristics and yield of reactions.
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2.11. In vial uPA cleavage of L and D configured conjugates

Conjugate-PBS solutions of 5 uM with respect to pheophorbide a content were incubated at
37°C in the dark with or without urokinase for 1 hour. Activation of the conjugates by the
release of peptidyl fragment pheophorbide a-Gly-Ser-Gly-Arg was monitored by analytical
RP-HPLC using a nucleodur C18 gravity 3u CC 125/4 column from Macherey-Nagel and
using a 0.1% TFA water/acetonitrile gradient. Fluorescence was measured using the Safire

under the same conditions as described above.

2.12. Fluorescence measurements of intact conjugates
Fluorescence intensity of conjugates-PBS solutions of SuM with respect to pheophorbide a
was measured at 37°C by the Safire using an excitation wavelength of 400nm and emission

wavelength of 670nm.

2.13. In vitro activation on PC-3 cells

PC-3 cell suspension (100uL) containing 1.8 x 10* cells were seeded in 96-well plates and
allowed to attach overnight. Subsequent washing with 200 uLL PBS was performed and cells
were incubated with solutions of 1uM corresponding conjugates in F12K medium containing
10%FBS. Fluorescence was measured as described previously. The increase in fluorescence
emission was calculated by subtraction of the fluorescence intensity Ft, immediately after
incubation start, from the value Fty obtained at time x and divided by Fty. All conditions were

tested in sextuplicate and are expressed as mean value +/- S.D.

2.14. Dark and light toxicity on PC-3 and HT1080 cells

Phototoxicity of the conjugates was performed in the cancer cell lines PC-3 and HT1080 of
human prostate and fibrosarcoma origin, respectively , using 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide assay (MTT assay). Cells were seeded in 96-well plates
as aliquots of 100 uL containing 1.8 x 10" cells and 1.2 x 10” cells, respectively, and allowed
to grow to 70-80% confluence. Cells were incubated with prodrug containing solutions for 8
hours then rinsed twice with 200 pL PBS followed by addition of 100 puL of fresh medium.
Cells were subsequently, kept in the dark (plate control) or irradiated with light doses of 10 or
20J/cm* (PCI light, PCI Biotech, Oslo Norway) 50 pL of fresh medium was added after
irradiation and an MTT assay (cells survival assay) was performed 24 hours after irradiation

according to the provider’s instructions. Percentage cell survival was calculated with respect
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to control samples, as follows: [A (test-conc.) - A (100% dead)] / [A (100% viable) — A
(100% dead)]*100. All conditions were tested in sextuplicates.

3. Results and Discussion

3.1. Denomination and synthesis of conjugates

Table 1 and Table 2 summarize the terms of the conjugates prepared for this paper. It lists

their characteristics as well as the yields obtained for each compound. Due to thorough

purification steps in order to limit the amount of conjugate mixtures, yields are lower with

increasing PS units. /n vitro characterization and evaluation of such conjugates is presented

below.

Table 1. PEGylated Peptides Denomination, Characteristics and Yields

Protease Expected Molecular Yield
Compounds Cleavable Molecular Weight Found
Peptide Weight
PEG-SPA N.A. 5 or 20kDa 2087Dax858 or )
21.6x1.2kDa
Peptide-1 NA 5949Da or 6430Dat5300r  gs0,
K(Boc)-AAPGAK(mPEG)APG 20.7kDa 22.0+0.2 kDa
Peptide-2 NA 6106Da or 6633+572 or 85%
K(Boc)AAPGAK(mPEG)K(Boc)PG 20.9kDa 22.0+0.2 kDa
Peptide-3 NA. 6263Da or 6791+486.or 85%
K(Boc)AAPGK (Boc)K(mPEG)K(Boc)PG 21.0kDa 22.0+0.2 kDa
Peptide-4 6420Da or 6947Da+600 or  g50,
K(Boc)AK(Boc)PGK(Boc)K(mPEG)K(Boc)PG 21.2kDa 22.0+0.2 kDa

a) Higher molecular weight corresponds to a cyclic scaffold linked to 20kDa mPEG residue and lower

molecular weight to cyclic scaffolds linked to SkDa mPEG.
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Table 2. Conjugates Denomination, Characteristics and Yields

Protease PEG
Expected Molecular Weight
Conjugate* Cleavable molecular Yield
Molecular Weight Found
Peptide weight
PheoL1 21.9kDa PheoL1 23.6+0.8kDa 70%
uPA-cleavable
PheoL.2 23.2kDa PheoLl2 25.0+1.2kDa 65%
PheoLLX peptide in L- 20kDa
) PheoL3 24.5kDa PheoL.3 25.6+1.3kDa 60%
configuration
PheoL4 25.8kDa Pheol4 26.7+1.5kDa 35%
PheoD1 21.9kDa PheoD1 23.0+0.7kDa 70%
uPA-cleavable
o PheoD2 23.2kDa PheoD2 24.2+0.9kDa 65%
PheoDX peptide in D- 20kDa
) PheoD3 24.5kDa PheoD3 24.8+1.0kDa 60%
configuration
PheoD4 25.8kDa PheoD4 25.2+1.2 kDa 35%
PheoS1 7280Da PheoS1 7280+833Da 50%
uPA-cleavable
) PheoS2 8560Da PheoS2 8666+900Da 35%
PheoSX peptide in L- SkDa
] PheoS3 9840Da PheoS3 9464+1250Da 24%
configuration
PheoS4 11120Da PheoS4 11661£1420Da 20%
MPheol 21.9kDa MPheol 23.8+0.9kDa 53%
MMP-cleavable
MPheo2 23.3kDa MPheo2 24.6+0.5kDa 36%
MPheoX peptide in L- 20kDa
) MPheo3 24.6kDa MPheo3 25.2+0.5kDa 30%
configuration
MPheo4 25.9kDa MPheo4 25.5+1.2kDa 20%

*  indicates the number of Pheophorbide protease cleavable peptide(s) grafted on RAFT.
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3.2. Invial experiments and quenching

The quenching factors of each conjugate tested are represented in Table 3

Table 3. Quenching factors of all Pheo-conjugates

Quenching factor

Conjugate Fo/El

PheoL; 1

Pheol 2 2.79£0.04
PheoL3 10.76 £ 0.17
PheolL 4 28.26 £ 0.69
PheoD1 1
PheoD2 2.56 £ 0.04
PheoD3 10.94 £0.10
PheoD4 30.62 £ 1.29
PheoS1 1
PheoS2 115.25 + 6.65
PheoS3 213.59 +15.10
PheoS4 264.66 + 22.92
MPheol 1
MPheo2 4.68 + 0.08
MPheo3 15.81+0.10
MPheo4 25.63+0.65

The conjugates containing only one pheophorbide peptide residue are considered as
unquenched standard, and their fluorescence is compared to their homologues carrying
multiple pheophorbide peptides copies. With increasing number of copies on the
cyclopeptidic carrier in all conjugates the quenching factor increases. Furthermore,
independently of the peptide sequence or the configuration all high molecular weight
conjugates carrying the same number of pheophorbide a-peptide motifs show similar
quenching factors. Most importantly, by reducing the molecular weight of PEG, the highest
quenching factors were recorded as shown by PheoS conjugates similar to those previously

7-9,15

reported with a poly-L-lysine carrier . This indicates that the PEG chains can interact with

the exciton formation of the pheophorbide moieties.
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Figure 4. Analytical HPLC trace of the undigested (A, C, E and G) and digested (B, D,F and
H) uPA cleavable pheophorbide peptide, PheolL.4 and PheoD4 and Pheol1 conjugates.
Digestion has been achieved by co-incubation during 1h of the peptide or conjugate with uPA.
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Figure 4 presents the RP-HPLC patterns obtained for pheophorbide urokinase cleavable
peptide, for the Pheol4 conjugate and PheoD4 conjugate (negative control) in presence or

absence of urokinase. These traces are representative of the behavior of all other conjugates.

In presence of urokinase, proteolytic cleavage transcribes into the release of pheophorbide
peptidyl fragment (Pheo-G-S-G-R) as shown by elution of a new peak at RT of 17.8 min
distinct from the phephorbide peptide (RT=17 min) (Figure 4B and D). When co-incubated

with negative controls D-conjugates no appearance of a second peak could be observed.

These results confirm the selective recognition and cleavage of the L-pheophorbide peptide
conjugates by uPA at the expected site. Moreover, all conjugates exhibited reduced
fluorescence as compared to equivalent pheophorbide dose as shown by Figure 4C and E,

confirming the effective “silencing” and quenching of the drug.

3.3. Invitro activation
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Figure 5. Activation in vitro of conjugates Pheo in L-configuration (A), Pheo D-configuration
(B), PheoS conjugates (C) and MPheo conjugates (D) at concentration of 1 uM pheophorbide
equivalent with () mono-conjugate, di-conjugate (m), tri-conjugate (¢) and tetra-conjugate
(o) on PC-3 cells.

As shown by Figure 5A, in compounds pegylated with high molecular PEG Pheol2 and
PheolL.3 are more efficiently activated in vitro as compared to the tetra-substituted counterpart.

No significant activation was observed for the monosubstituted conjugates. The activation is
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time-dependent and seems to reach a plateau after 480 min of incubation. Surprisingly, also
the PheoD conjugates are also activated in PC-3 cells but to a lesser extent. However, it
cannot be excluded that other peptidases digest the remaining AAPGA motif on the
cyclopeptidic scaffold. Based on expasy cutter peptide, proteinase K and thermolysin are two
potential enzymes capable of cleaving this motif. However, since proteinase K is an
endopeptidase and thermolysin is expressed only in bacteria, it is more likely that the PheoD
conjugate cleavage is mostly due to other peptidases or may involve other cleavage sites at the

Lysine residues of the RAFT.

In contrast, conjugates carrying a lower molecular weight PEG chain, seem to be less resistant
to proteolytic activation (see Figure 5C). Fluorescence increase can still be observed after 10
hours. Again, the bisubstituted PheoS2 is more efficiently activated when compared to

PheoS3 and PheoS4 conjugates.

Finally, also MMP sensitive conjugates show fluorescence increase in PC-3 cells. Beyond
these compounds 3MPheo and 4MPheo show a 1.3-time increase over a time period of 4hours
while 2MPheo showed an intermediate activation and 1MPheo almost no activation over time.

The activation plateau of these conjugates is reached after about 4 hours of incubation.

3.4. Invitro PDT
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PheolL3
PheolL4

1204

BEED

Cell survival [%]
Cell survival [%]

Pheophorbide a equiv [pM] Pheophorbide a equiv [pM]

Figure 6. Cellular phototoxicity of PheoL conjugates 1, 2, 3 and 4 after 8 hours of incubation
on PC-3 cells. Cells were exposed either to a light dose of 10 J/em? (A) or 20 J/em? (B).

Figure 6 presents the phototoxicity of PheoL conjugates on PC-3 cells exposed to a light dose
of either 10 J/cm® or 20 J/cm®. The phototoxic effect of the conjugates is concentration and

light dose dependent (see also Table 4 for ICsy values of all compounds in PC-3 cells). No
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dark toxicity was observed for all conjugates at concentrations as high as 30uM (Data not
shown). As expected from the in vitro activation, out of the four conjugates tested, PheoL2
and Pheol3 are the most potent ones. Significant cell death is observed with these two
conjugates at a drug dose of 5uM and light dose of 10J/cm” or even 2uM for a light dose of
20J/cm®. Complete eradication of PC-3 cells was achieved at a concentration of 7.5 uM for
both conjugates at a light dose of 20 J/cm®. In contrast, PheoL4 achieves less than 50% of cell
death only when using a drug dose of 10uM and a light dose of 10J/cm?. A light dose of
20J/cm? reduced this ICsp to 7.0uM. PheoL 1, on the other hand, did not exhibit any significant
phototoxic effect.

Table 4. ICs of all RAFT conjugates with respect to the cell type and light doses cells were
exposed to. The values reported are the graphical extrapolation of the non-linear regression
based on MTT results presented in Figures 6 to 8.

Cell type & Light Dose
'Cso PC-3 cells - 10J/cm? PC-3 cells - 20J/cm?

Pheol1 N.A. N.A.

Pheol2 3.8 uM 1.8 uM
Pheol3 4.4 uM 2.3 uM
Pheol4 N.A. 7.0 uM
PheoS1 N.A. N.A.

PheoS2 0.8 uM 0.2 uM
PheoS3 2.0 uM 1.4 uM
PheoS4 4.1 pM 1.7 uM

PC-3 cells - 10J/cm? HT1080 cells - 10J/cm’?

MPheol N.A. N.A.

MPheo2 250 nM 165 nM
MPheo3 288 nM 135 nM
MPheo4 227 nM 112 nM
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Figure 7. Cellular phototoxicity of PheoS conjugates 1, 2, 3 and 4 after 8 hours of incubation
on PC-3 cells. Cells were exposed either to a light dose of 10 (A) or 20 J/cm? (B).

Figure 7 represents cell survival of PC-3 cells when exposed to the low molecular weight
compounds (i.e. PheoS conjugates) and light doses of either 10 or 20 J/em®. Similarly to
PheoL conjugates, no dark toxicity is observed for all the conjugates tested. Complete cell
death is achieved when using PheoS2 at a drug dose as low as 2uM for a light dose of
10J/cm®. PheoS3 has completely destroyed cells at a drug dose of 5uM while PheoS4 requires
a drug dose of 10uM for a light dose of 10 J/em?® for a complete cell death. Meanwhile,
PheoS1 exhibits cell phototoxicity only at the light doses of 20 J/cm® for a drug dose of 5uM,

suggesting that this conjugate is the least potent one.
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Figure 8. Cellular phototoxicity on PC-3 cells (A) and HT1080 cells (B) of MPheo
conjugates 1, 2, 3 and 4 after 8 hours of incubation. Cells were exposed to a light dose of
10J/cm?.
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Finally, Figure 8 shows the cellular phototoxicity of the MPheo conjugates towards PC-3 and
HT1080 cell lines, cells that are known to overexpress MMP proteases®>>>. While no dark
toxicity is noticed for cells exposed to MPheo conjugates only a complete cellular destruction
is achieved at a drug dose as low as 900 nM for conjugates 2, 3 and 4MPheo for a light dose
of 10J/cm®. Moreover, these three conjugates exhibit a similar phototoxicity pattern with ICsg
values situated between 100 and 300nM. Finally, MPheol conjugate did not exhibit any
phototoxic effect toward PC-3 cells for a drug dose as high as 10 uM (Data not shown).

While monoconjugate pheophorbide peptide conjugates had no to low phototoxic effects,
conjugates bearing two or more pheophorbide peptides moieties exhibited significant
photocytoxicity. Low molecular weight PEGylated compounds displayed higher
phototoxicities than their corresponding high molecular weight compounds. Cellular

activation of PheoS conjugates and different cellular uptake, may explain this observation.

By reducing the molecular weight of the PEG used, the quenching factor of the conjugates
could be significantly increased as reported in Table 3 and as noted on previous studies on
polymeric prodrugs. Hence, when using a polymeric scaffold, Lange and coworkers "',
reported quenching factors of 131,7 and 145.8 for polymeric prodrug containing only
pheophorbide peptide moieties of respectively 18 and 24 units/polylysine chain (1% generation
conjugates) while PEGylation and addition of other solubilizing moieties lead for similar
number of PS units/polylysine to reduced quenching factors e.g. to 84.6 for the conjugate

bearing 18 units/polylysine chain.

Moreover, Zuluaga et al " proved that with of fluorescence quenching factor of 61 + 3, good
contrast could be obtained in vivo and efficient PDT treatment of PC-3 xenografts on mice
could be achieved. Hence, balance should be found between good quenching factor, water-

solubility and ROS generation to achieve efficient imaging and therapeutic treatment.

Although, the size of the conjugates reported in this study and the size and molecular weight
of the polymeric prodrugs differ one may compare the quenching factors obtained for RAFT-
conjugates with PPP conjugates. For example, PheoS conjugate’s quenching factors are
similar to the ones obtained for Irst generation PPPs using 18units/polymer. The RAFT
conjugates, however, present the advantages of having a more defined structure as compared

to PPPs, use less PS units and maintain complete water-solubility of such construct.

Low molecular weight prodrug may also be detrimental for in vivo applications, due to a

reduced circulation time and an increased elimination time of the conjugates. Indeed, in order
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to be efficient PDT agents, the conjugates should be presented to tumor cells and its
environment for a sufficient time to allow the cleavage and release of PS in sufficient

5 .
3657 to increase the

amounts. PEGylation with higher molecular weight PEGs is known
circulation time in the body, hence enhancing its tumor accumulation and biodistribution, as
well as reducing its elimination. Although less efficiently quenched than the PheoS

conjugates, PheoL. and MPheo conjugates can be expected to be more active in vivo.

Interestingly, MPheo2, 3 and 4 exhibited similar phototoxic effect despite different activation
profiles. Finally, MPheo conjugates exhibited surprising phototoxic effects at drug doses as
low as 100 to 300nM in vitro in PC-3 cells. These prodrugs combine the advantage of no dark
toxicity, high photocytotoxicity for moderate light doses of 10J/cm?, but also rapid activation.
Reduced elimination in vivo can be expected due to the conjugation of PEG 20kDa. These are
very promising results which are confirming the significant potential of these prodrugs as

efficient PDT agents for an in vivo treatment of prostate cancer and fibrosarcoma.

4. Conclusions

In this study, the synthesis of new water-soluble and potentially active prodrugs for PDT
treatment of cancer was described. The photosensitizer prodrug demonstrated an in vitro
activation and a phototoxicity targeting cancers associated with uPA and MMPs up-regulated
activity such as prostate cancer. Without light irradiation, no phototoxic effect was observed.
Upon light activation and proteolytic cleavage, the release of peptidyl-photoactive fragments
of PS resulted in cell phototoxic effect. Moreover, high quenching factors and efficiencies
were achieved by conjugates containing PEG of 5kDa when compared to conjugates that had
a PEG of 20kDa. This study confirmed that the peptide sequence is of major importance for
the specificity and selectivity towards tumor cells resulting in improved PDT-efficacy as
shown by PheolL, PheoD and MPheo conjugates. /n vivo and clinical potentials of the
prodrugs reported in this study have to be further evaluated in order to confirm these

promising results.

148



Chapter IV

Acknowledgements

This work has been supported in part by the SNF grants 205320 13830, CR32I3 129987,
CR32I3 147018, 31003A 149962, CR3213 150271, and 205321 126834. The authors would

like to thank Dr Doris Gabriel and Dr Maria Fernanda Zuluaga Estrada for their advices and
support.

149



Chapter IV

Supplementary material

Cyclic Peptide PEGylation Reaction
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Figure 9. RP-HPLC chromatograms of one cyclic peptide, the reaction mixture after 24h and
PEGylated peptide after purification.

Figure 9 represents the RP-HPLC patterns obtained for one cyclic peptide (RAFT) as well as

the one of the reaction mixture and the resulting purified product.

The first peak observed either corresponds to the peak of DMSO or the injection peak
(Retention Time (RT) < 5 min). RAFT is eluting at 30 min and the novel product appears
when the reaction occurs at higher retention time (i.e. 42 min). After purification, no more
RAFT is present and only the PEGylated cyclic peptide is detectable. These chromatograms
are representative of all peptides and PEGylated peptides reported in this study.
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ABSTRACT

The non-invasive detection of disease at early stages is of major importance for improved
patient management. Therefore, much effort is currently undertaken to develop novel imaging
probes and techniques. Since increased proteases expression is associated with numerous
pathologies such as cancer, protease targeting and sensing has been suggested as a promising
tool for new reporters. Activatable fluorescent probes known as “molecular beacons”
represent one class of such compounds. The aim in fluorescence detection using these probes
is to increase the signal-to-noise ratio by lowering the background fluorescence and favor the
selective activation of the probe by specific, disease related proteases. An in vitro evaluation
of 5 protease sensitive near-infrared fluorescently quenched probes was performed in this
study. In these probes, a fluorophore (Cy5 or Texas Red) and a Black-Hole Quencher
(BHQ-3) are attached to a protease sensitive peptide linker (urokinase-like plasminogen
activator or cathepsin B sensitive peptide) resulting in efficient quenching ((>99%) in the
native configuration. Here, we show that our “molecular beacons" display an increase of their
low native fluorescent emission upon proteolytic cleavage of the peptide in vial and in vitro,
with an almost 20 times increase in fluorescence for one of the tested probes when incubated
with human prostate cancer cell line (PC-3) while the control probes remained uncleaved and
hence, silent. Both activation and intracellular localization of the probes were assessed in
PC-3 cells. The promising results obtained suggest a high potential for medical application in
e.g. in vivo detection and imaging of protease related diseases such as prostate cancer.
Furthermore, using this approach, new methods for the testing of protease sensitive prodrugs

can be envisioned.

KEY WORDS: FRET, urokinase-like plasminogen activator, cathepsin, near-infrared

probes, molecular beacons, quenching, fluorescence imaging
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1. Introduction

Due to its high sensitivity, fluorescence is one of the most powerful tools for bioimaging for
both in vitro and in vivo monitoring. The expanding interest in fluorescence imaging resides
in the development and optimization of time and spatial resolution achieved over the past
decades. Thus, significant progress in clinically relevant applications such as early detection
of diseases and the improvement of patient treatments and prognosis has been made. Three of
the major drawbacks of conventional fluorescent probes are the lack of selectivity, often a low
signal-to-noise ratio and mostly for in vivo applications, unfavorable spectral properties of the
designed probes. With the emergence of near-infrared fluorophores deeper light penetration
into tissues is feasible and more body sites can be imaged. Moreover, by the association of the
fluorophore to a targeting moiety, one can improve the selectivity towards diseased tissues'™.
Abundant expression of proteases has been proposed as biomarkers for several diseases

. . . .. -11
including rheumatoid arthritis and cancer’

. This hallmark can be exploited to increase the
selectivity of the probes towards the diseased tissue. Finally, increasing the signal
amplification by lowering the native fluorescence of the probes can be achieved by the

development of “fluorescent activatable prodrugs”.

One of the approaches currently explored consists in the design and synthesis of “fluorescent
activatable prodrugs” which are “silent” in their native state but, when in presence with the
target protease give rise to an increased fluorescent signal. The activatable probe principle
resides on the fact that, when a photon is absorbed by a fluorophore, the dye becomes excited
electronically. The energy absorbed can be either 1) transferred radiatively to the lowest
excited state of the fluorophore, which results in fluorescence or 2) transferred non-radiatively
between a donor (the fluorophore) and an acceptor (fluorophore or quencher), which hampers
the photon emission. Due to the close proximity of the donor and acceptor in the native state,
a transfer of energy occurs and is referred to as Forster Resonnance Energy Transfer
(FRET)'*". The selectivity of the probes can be achieved by the fluorophore (donor)
coupling to a protease specific peptidic bond. On the other hand, “silencing” is obtained by
coupling on the other side of the peptide, another fluorophore or quencher (acceptor). This
approach is known as the “molecular beacons” approach®'*!7. Zheng and coworkers were the
pioneers for such approach and could obtain specific targeting of several proteases with

similar quenching efficiencies among them caspase-3'"'%, MMPs'®" and fibroblast
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activating protein (FAP) '* which resulted after proteolytic cleavage respectively in a 8 fold,

12 fold and 200 times increase in fluorescence.

In this study, an in vitro evaluation of five quenched probes (AC226, AC203, AC560, AC594,
AC595) designed as molecular beacons was performed. Two different fluorophores (Cy5 and
Texas Red (TR)) and two protease cleavable peptide linkers sensitive to urokinase like
plasminogen activator (uPA) and cathepsin B were tested. Both proteases are known to be
associated with development, progression, and invasion of cancer such as prostate, colorectal,

: 20-2
ovarian, breast and bladder cancer 0-27

2. Materials and Methods

2.1. Chemicals

Trypsin 0.25%-EDTA solution, Nutrient Mixture Kaighn’s Modification (F-12K) with L-
Glutamine, Hank’s Balanced Salt Solution with calcium and magnesium, Penicillin 10 000
units/mL and Streptomycin 10 000 pg/mL solution were provided by Life Technologies
Corporation (Paisley, UK). DMSO and ethanol of analytical grades were obtained from Fisher
Scientific UK Limited (Loughborough, Leicestershire, UK). Fetal Bovine Serum (FBS) was
acquired from PAA Laboratories GmbH (Pasching, Austria), Triton X-100 from Applichem.
(ITW Company, Germany) and NaOH from Reactolab S.A. (Servion, Switzerland). Albumine
from Bovine Serum (BSA) essentially globulin free, Cathepsin B from bovine spleen,
amiloride hydrochloride and p-aminobezamidine dihydrochloride were purchased from
Sigma-Aldrich Chemie GmbH (Germany). Vectashield® Mounting Medium for Fluorescence
with DAPI was obtained from Vector Laboratories, Inc. (Burlingame, California, USA) and

Lysotracker® Green DND-26 from Invitrogen Molecular Probes™™ (Eugene, Oregon, USA).

2.2. AC Structures
AC203 uPA detection

Fluorophore: Cy5.0
Quencher: BHQ-3 e .
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AC226 uPA detection

Quencher: BHQ-3

2

—SGRSANA-K—-CONH
uPA
Substrate

AcHN O
{S HN
O

N

7/

Fluorophore: SR101

AC594 Cathepsin B detection

Quencher: BHQ-3
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Fluorophore: Cy5.0
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AC560 uPA detection

Fluorophore: Cy5.0
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P RV, $
OH oJ_/—/_F{NSGRSANAKCONHZ NN
= uPA
| N Substrate KH )
Ny :
o} HNL
o O L
HN
N
N
CTTTTTTT :HN
3 © QN\
D EGLN NZ, Ney 3
: [ I /I j !
! N
L
Quencher: BHQ-3
AC595 uPA detection (negative control)
Fluorophore: Cy5.0
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Quencher: BHQ-3

2.3. Cell Culture

PC-3 cells (ATCC, Manassas, VA) were maintained as monolayers in F-12K medium
supplemented with 10% fetal bovine serum (FBS), 100puL/mL streptomycin and 100IE/mL
penicillin in a humidified incubator containing 5% CO,. Cells were trypsinized using
0.25% Trypsin-EDTA solution. Probes as well as amiloride and p-aminobenzamidine

stock solutions were diluted in milliQ water.
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2.4. Probes in vitro activation on PC-3 cells

PC-3 cell suspension (100uL) containing 1.8 x 10* cells were seeded in 96-well plates and
allowed to attach overnight. Subsequent washing with 200uL. PBS was performed and cells
were incubated with solutions of 1uM corresponding conjugates in F12K medium containing
10% FBS. Additionally, cells were separately co-incubated with either 250uM amiloride and
1uM probe or 250uM p-aminobenzamidine and 1uM probe. Fluorescence was measured
using a Safire microplate reader (Tecan, Switzerland). For probe AC226, an excitation
wavelength (Aexe) of 580nm and an emission wavelength (Aey) of 608nm were used. For
probes AC203, AC560, AC594 and AC595, Aexc=650nm and A, =670nm was applied. The
increase in fluorescence emission was calculated by substraction of the fluorescence intensity
Fty immediately after incubation start, from the value Ft, obtained at time x and divided by

Fto. All conditions were tested in sextuplicate and are expressed as mean value +/- S.D.

2.5. Invial activation of AC594

PBS buffered solution of AC594 was treated with or without cathepsin B (100uL, 2u) for a
final probe concentration of 3 pM. Samples were incubated at 37°C and fluorescence was
measured using Safire as described above. The quenching efficiency was calculated as the

following:

100 x (1- (Flmax/Fto)), where Fly.x corresponds to the fluorescence of the activated probes

after 1 min and Fty, corresponds to the fluorescence of the non-digested probe.

2.6. Intracellular fate of the probes in cells - Confocal Microscopy

PC-3 cells were seeded at a concentration of 6x10* cells per well and allowed to attach
over two days. Cells were co-incubated with 120nM of Lysotracker® Green and the 20uM
of probes during 2 hours. Then, the cells were washed with HBSS and HBSS with BSA
1% and subsequently fixed using paraformaldehyde solution at 4%. After fixation, cells
were rinsed 3 times using HBSS and once with water and were finally mounted using
Vectashield® mounting medium containing DAPI. Thereafter, the cells were imaged by
confocal fluorescence microscopy using Zeiss Axiovert 710 microscope (Carl Zeiss, Jena,

Germany).
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3. Results and Discussion

3.1. Invial activation of AC594

Table 1. Excitation and Emission Wavelength of fluorogenic probes AC203, AC226, AC560,
AC594 and AC595 as well as their quenching efficiency.

Initial Quenching
Probes Aexc [NM] Aem [NM] FIuorFetsOcence Efficiency Reference
AC226 (TR) 580 608 1166 + 48 98.9% %
AC203 (CY5) 650 670 210+ 8 98.8% 28
AC560 650 670 219+4 95.0% 2
AC594* 650 670 109 £5 99.3%
AC595 650 670 227 +13 N.A.

*the proteolytic cleavage of AC594 was performed using Cathepsin B.

In Table 1, the excitation and emission wavelengths of all probes are listed as well as their
quenching efficiency, which was calculated as a function of their proteolytic cleavage by
their corresponding target protease. Since AC595 probe was not cleaved by urokinase, no
quenching efficiency could be calculated. All probes tested in this study and by
Chevalier e al.® exhibited high quenching efficiencies with fluorescence increase after
proteolytic cleavage of 83 to 153 folds as compared to non-digested probes over time.
Interestingly, using the polymeric prodrug approach Gabriel et al.*® and Zuluaga et al.*
were able to achieve quenching efficiencies ranging from 95% to 99%, only by varying the
number of photosensitizer units per polymer with the highest reported activation of 22
times in vial while a signal fluorescence increase of approximately 40 to 60 fold was

reported by Weissleder’s group of research’'

when using cathepsin D sensitive
polymeric Cy5.5 probe and a 9-fold increase when using Cy5.5 polymeric Cathepsin K

targeting probe’” in vial.
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3.2. Probes in vitro activation on PC-3 cells

-®- AC226+amiloride

3 B & AC226+p-aminobenzamidine

-®- AC203+amiloride
‘@ AC226
=&~ AC203+p-aminobenzamidine

M AC203

[(Ftx-Ft0)/Ft0]

Normalized fluorescence increase
[(Ftx-Ft0)/Ft0]

Normalized fluorescence increase

- AC594
-8~ AC560

A AC594+p-aminobenzamidine
A AC560+p-aminobenzamidine P
-m- ACS560+amiloride

® AC595
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Time [min]

Normalized fluorescence increase

Normalized fluorescence increase

Figure 1. PC-3 cellular activation of probes AC226 (A), AC203 (B), AC560 and AC595 (C),
and AC594 (D) over time as compared to their activation in presence of two protease
inhibitors, amiloride and p-aminobenzamidine.

Figure 1 shows the in vitro activation of all probes in PC-3 cells as a function of time and
allows the comparison of their activation in presence or in absence of two different protease
inhibitors i.e. amiloride and p-aminobenzamidine. All probes displayed an increase of
fluorescence over time, hence confirming their activation in PC-3 cells. The cathepsin B
probe, AC594, was the most rapidly and the most highly activated probe and reached a
plateau after 400 minutes of incubation. The highest fluorescence increase of approximately
20 times was achieved by this probe over time after 600 minutes while AC226 exhibited an

intermediate activation followed by AC560 and lastly AC203.
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Table 2 provides an overview of the percentage inhibition of PC-3 cellular activation of the

probes.

Table 2. Percentage inhibition of PC3 cellular activation of the probes after 10h of incubation

Probes Fluorescence increase Inhibition using Inhibition using

(Fty-Fto)/Ft, amiloride p-aminobenzamidine
AC226 2.825+0.102 62+12% 86+8%
AC203 0.492 + 0.030 73+£8% 100+ 15 %
AC560 1.237 +0.089 48+ 7 % 74+ 3%
AC5H94 21.551+1.715 N.A. 66 +8 %
AC595 0.002 £ 0.032 N.A. N.A.

When cells were co-incubated with the probes and the broad spectrum serine protease
inhibitor p-aminobenzamidine, their activation was significantly reduced after 10 hours of
incubation, i.e., between approximately 70 and 100% inhibition was observed. The specific
uPA-inhibitor amiloride also inhibited the activation of the L-aminoacid uPA probes by
approximately 50 to 70%. Therefore, it seems that cellular activation of the probes is

dependent on uPA cleavage but also involves other proteases produced by PC-3 cells.

The only difference between AC203 and AC560 is the length of the linker while maintaining
the uPA sensitive peptidic sequence intact and the pair of FRET donor/acceptor. The shorter
linker used in AC203 resulted in a higher fluorescence quenching although the initial
fluorescence of these two probes were similar. /n vitro, AC560 was activated almost twice as
much as AC203, suggesting that a longer linker may facilitate the accessibility of the

proteases to the cleavable site and leads to a higher propensity towards proteolytic activation.

Although the peptidic sequence is maintained for all these three probes, different in vitro
behavior and activation are recorded, suggesting that fluorophore selection may influence
proteolytic recognition, accessibility and cleavage. As expected, no fluorescence increase was
observed using the negative control AC595, which consists in the corresponding D-amino

28,34-36

acids in the peptidic linker. Interestingly, Romieu and coworkers , reported the synthesis
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and evaluation of protease sensitive probes notably using the molecular beacon approach®®**,
When using, caspase-3 sensitive probes using two NIR cyanines as FRET pair a 2 to 8 fold

increase in fluorescence of their NIR dyes was reported when in presence of the protease®.

3.3. Intracellular fate of PS in cells - Confocal Microscopy
A B
C D

Figure 2. Intracellular localization of probes AC203 (A), AC560 (B) , AC594 (C) and AC226
(D) (in red) after 2 hours of incubation. Lysotracker green® (in green) is used to mark
lysosomes and DAPI (in blue) was used as a marker for nuclei.

Figure 2 presents the intracellular localization of all probes assessed after 2 hours of
incubation. All probes, except ACS595 (negative control) showed strong fluorescence.
Intracellular accumulation was observed as a form of vacuolar structures. This confirms that
the cellular uptake is dependent on the peptidic sequence used and its recognition by target
proteases in this case, hence giving specificity of these probes towards protease expressing
cells. Similar vacuolar localization was observed using polymeric prodrugs®. Furthermore
probe AC594 which targets cathepsin B showed a good co-localization with stained
lysosomes. These observations are in accordance with cathepsin B intracellular localization
since it is known to participate in the early and late stages of endolysosomal breakdown of

proteins and have higher concentration of cathepsin B is found in early endosomes and less in
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lysosomes®’. Interestingly, AC226 showed vacuolar but also cytoplasmic localization that was
not present for the other probes tested. This observation suggests a fast cellular uptake of this
probe as compared to the other probes tested. However, all probes studied in this paper
exhibited good cellular activation and uptake with high specificity toward PC-3 cells giving

hope for the in vivo diagnosis of prostate cancer.

4. Conclusions

The high quenching efficiency of the probes as well as their cellular activation and
accumulation with high specificity towards PC-3 cells is of great opportunity for the in vivo
diagnosis of prostate cancer and many other protease-related tumors. Tuning these probes for
other target proteases can be easily achieved by varying the protease cleavable peptidic
sequence and may open new horizons in in vivo imaging of cancer and other overexpressing
protease diseases such as rheumatoid arthritis, Alzheimer’s disease, stroke and

atherosclerosis™®.
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Summary, Conclusions & Perspectives

SUMMARY, CONCLUSIONS & PERSPECTIVES

Photodynamic Therapy (PDT) is considered a selective and a site targeted treatment modality

as compared to radiotherapy and chemotherapy for cancer.

The selectivity is attributed to the PS accumulation in the tumor, its localised activation by
light and the subsequent confined formation of the cytotoxic of reactive oxygen species.
Despite its promise, clinical applications of PDT remain somehow limited, partially because
of the yet-to-be improved light delivery systems and accessibility of the treatment site.
Furthermore, the poor PS bioavailability and selectivity of PS for reduced side-effects and
drug doses administered need to be optimized. Hence, investigation of new near-infrared PS
suitable for deep light penetration and to reach tissues as well as pharmaceutical
improvements of PS-selective and controlled delivery in the tumors has been addressed in this
thesis through the different protease-prodrug approaches offering great opportunity for tumor

fluorescent detection, monitoring and treatment.

Phthalocyanines are potent and promising photosensitizer (PS) class notably because of their
good spectral properties mainly their high fluorescence and oxygen quantum yields and high
absorbance in the near-infrared region as reviewed in Chapter I. Improvement of their
phototoxic effect can be obtained by increasing their water-solubility and by reducing their
tendency to aggregate. This can be achieved by chemical tuning of their tetrapyrrolic ring but
also through their pharmaceutical formulation in suitable drug delivery systems. Polymeric
prodrug approach is a way of PS efficient delivery and accumulation in the diseased tissue
resulting in increased PS phototoxic effect and subsequently improved therapeutical PDT
outcome. Hence, as shown in Chapter 11, in vitro identification of hit compounds as well as
the grafting of multiple PS moieties on water-soluble polymers is beneficial for phototoxic
effect in vitro on cancer cell lines with amphiphilic Pc (9) inducing 90% of cellular death at a
drug dose of 4 uM on HT1080 cells at a light dose of 10J/cm” and complete cellular
destruction at higher drug doses. Moreover, free Pcs void of any phototoxic effect exhibited
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improved cellular toxicity when formulated into polymeric PS prodrugs and up to 80% cell
death could be observed on PC-3 cells using 10 uM of Pc (10)-conjugate for a light dose of
10J/cm®. These results held promise for further in vivo experiments and evaluations. The
selectivity and phototoxic effect of PS and PS-polymeric prodrug conjugates can further be
improved by the introduction of a targeting part e.g. protease-sensitive peptide with the
molecular beacon and the protease-polymeric prodrug approach respectively. Furthermore,
approaches such as RAFT prodrugs with and without a targeting moiety can be envisioned for
tuning of pharmacokinetic/pharmacodynamic (PK/PD) properties of PS and for more defined,
controlled and spatially arranged chemical structures which renders this perspective suitable
for fundamental understanding of prodrug-tumor interaction(s), for pharmaceutical production

and for FDA approval.

A simple and defined way of PS selective delivery is the use of the molecular beacon
approach explained and investigated in vitro in Chapter V. The approach reported in this
thesis is the thethering of a fluorophore and a black hole quencher (BHQ-3) to a protease-
cleavable peptide. High quenching efficiencies and high fluorescence signal amplification
upon proteolytic cleavage could be observed making the intracellular visualization of such
probes possible in vitro with good selectivity and resolution. Further in vivo evaluation of
these probes has still to be conducted in order to define their PK features. Hence, molecular
beacons can suffer from reduced circulation time in the body after systemic administration
and high elimination rates as compared to polymeric prodrugs, resulting in suboptimal
therapeutic outcome. The modulation of the drug dose and the treatment/imaging modality
through PK/PD studies can bring great improvements to this approach and its application for
in vivo monitoring and imaging of tumors. This approach can be easily transferred to the
imaging of other protease related diseases as well as to their treatment using PDT by the
modification of the targeting moiety (i.e. peptide sensitive peptide) and by using suitable PS

respectively.

Since PK feature is a key aspect for in vivo application of the protease prodrug approach, we
focused our efforts in the synthesis, in vitro and in vivo evaluation of other types of drug
delivery systems with the aim of prolonging their circulation time in the body and their

selectivity towards targeted diseased tissues (i.e. tumors). Two approaches, the protease
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polymeric prodrug approach and the protease-RAFT prodrug approach have been investigated

in this thesis.

Although polymeric prodrug approach suffers mainly from polydispersity of the polymeric
backbone carrying multiple copies of PS or PS-protease-sensitive peptide moieties, Chapter
III gives substantial elements in favor to such an approach for efficient fluorescence tumor
imaging and PDT mediated tumor destruction with high resolution due to high signal
amplification and high signal-to-noise ratio, high selectivity towards diseased tissue, low side-
effects related to therapy and positive long term effect with reduced recurrence of tumors and
prolonged life span in vivo as shown by the experiment conducted in Chapter III where 3 out
of 7 animals submitted to PPP conjugate based PDT completely responded to the treatment
with no resurgence of tumors after completion of the study (i.e. 90 days) while the rest of the
group exhibited partial PDT response with prolonged life span of 15 days as compared to
control groups. However, random distribution of PS/PS-peptide moieties on the polymeric
backbone as well as batch-to-batch variability associated with the design of such prodrugs
renders this approach difficultly manageable in large scale production especially in terms of

reproducibility, hence making its routine use in clinics complicated.

A more recently applied approach for tumor imaging with more spatially and chemically
defined structures than polymeric prodrugs is the Regioselectively Addressable
Functionalised Templates (RAFT) approach. A peptidic cyclic scaffold defines a plane and
gives the ability to use biorthogonal chemistry with distinct grafting of the two sides of this
plane using different amino-acid chemical protection such as Boc, Alloc and Fmoc. Each side
of the plane can bear on one side a reporter moiety and on the other side a targeting moiety as
Dumy and co-workers described. As shown in Chapter IV we have instead prepared protease
sensitive photosensitizer prodrugs based on a similar scaffold carrying a water-solubilizing
moiety (i.e. PEG) and one to several PS-peptide moieties. PEG is known to reduce the drug
immunogenicity and increase the circulation time in the body. On the other side of the plane
defined by RAFT, one to four PS linked to protease-sensitive peptides were grafted. Increase
in the number of PS-peptides moieties resulted in increased self-quenching. Among all the
conjugates tested, the highest quenching efficiency was achieved by the tetravalent conjugates

and more specifically to the PheoS4 conjugate. The discrepancy observed between quenching
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efficiencies of PheoS4, Pheol.4 and PheoM4 is probably due to the steric hindrance of the
PEG bore by the conjugates and higher molecular weight PEGs resulted in lower quenching
effect. However, the high quenching efficiency of PheoS4 was detrimental to its cellular
activation and resulted in overall moderated phototoxic effect. Hence, balance between
quenching efficiency, cellular uptake and accumulation, and cellular activation should be

aimed at in order to reach the highest PDT effect.

The highest phototoxic effects were observed for MMP-2 sensitive prodrug (PheoM
conjugates) resulting in complete cellular death of PC-3 and HT1080 cells at a light dose of
10J/cm?” and drug doses as low as 750 nM.

Major efforts should be undertaken for further improvement of this concept. Hence, the first
proof-of-principle of the PS-RAFT constructs has been given through this study. However,
further improvements in terms of chemical synthesis and purity of PS-RAFT conjugates have
to be implemented and are currently under investigation. Nonetheless, the promising in vitro
results obtained as well as good reproducibility of the conjugates and their distinct in vitro
behavior held great promises for their in vivo application and therapeutical outcome using

PDT.

Finally, because of their versatility, extension of these RAFT prodrugs to other PS such as Pcs
and to other diseases associated with overexpressed proteases could be successfully achieved

and RAFT based PDT successful clinical application is within reach.
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FRENCH SUMMARY - RESUME

La Thérapie Photodynamique (Photodynamic Therapy: PDT en anglais) est une modalité¢ de
traitement local innovante basée sur I’action conjuguée de trois éléments non-toxiques en soi
mais toxiques une fois combinés a savoir, un photosensibilisateur (PS), la lumicre et

I’oxygene.

L’activation locale du PS par la lumiére a une longueur d’onde appropriée conduit d’une part
a ’émission de fluorescence par le PS et d’autre part a la formation d’especes hautement
réactives et cytotoxiques de 1I’oxygene plus connues sous le nom de radicaux libres dérivés de
I’oxygene (Reactive Oxygen Species (ROS) en anglais). La fluorescence émise par le PS
permet alors a la fois la détection ainsi que I’imagerie du tissu malade tandis que la

production locale de ROS en permet la destruction confinée et sélective.

Dans le cadre de la lutte contre le cancer, la PDT tire avantage des caractéristiques
physiopathologiques spécifiques aux tissus tumoraux. Ainsi, et en comparaison aux tissus
sains, la vascularisation du tissu cancéreux présente des fenestrations permettant le passage
facilité du PS dans la tumeur. De plus, I’¢limination du PS du tissu tumoral est ralentie du fait
d’un drainage lymphatique réduit. Ces caractéristiques tumorales, décrites pour la premicre
fois par Maeda et al. et connu de nos jours sous le nom de Enhanced Permeability and
Retention Effect (EPR effect), sont ainsi responsables d’une accumulation prononcée du PS au

sein de la tumeur.

A cette distribution préférentielle du PS dans la tumeur, s’ajoute 1’activation ciblée du PS par
I’application localisée et controlée de la lumicre entrainant une production confinée de ROS.
Ces especes toxiques formées ont un champ d’action (10-55nm) ainsi qu’un temps de vie
limités (10-320 nanosecondes) ce qui amenuise les risques de dommages collatéraux au

niveau des tissus sains environnants la tumeur. La PDT présente donc 1’avantage sur les autres
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thérapies conventionnelles du cancer (i.e. chimiothérapie systémique, radiothérapie) d’avoir

un effet antitumoral sélectif et ciblé et par conséquent présente moins d’effets secondaires.

La principale limitation actuelle de la PDT est la photosensibilisation de la peau des patients
traités. Ceci est di & une exposition incontrolée et non désirée du patient a la lumicre
(notamment une exposition au soleil) du fait d’une accumulation partielle du PS dans les
tissus sains au temps de I’exposition. Plusieurs approches thérapeutiques permettent de
réduire cet effet secondaire notamment la synthése de nouveaux PS aux propriétés optiques et
physiques perfectionnées, 1’optimisation de I’intervalle d’exposition au PS et a la lumiere,
I’évitement et la protection contre une exposition non-désirée a la lumicere mais surtout
I’optimisation de la sélectivit¢ du PS. Ce dernier point peut étre amélioré de facon
significative par le développement pharmaceutique du PS. C’est sur ce dernier point que

I’essentiel de cette thése est consacré.

En effet, outre la synthése de nouvelles molécules faisant partie de la classe des
Phthalocyanines (Pc) et I’identification in vitro de candidats prometteurs au sein de cette
classe pour la PDT du cancer notamment de la prostate, le développement d’approches
multidisciplinaires chimiques et pharmaceutiques dans le transport et la libération sélective du

PS au tumeur a fait I’objet de constants efforts et optimisations dans le cadre de cette these.

L’approche appliquée dans cette thése est ’approche de la prodrogue susceptible d’étre
activée sélectivement au sein de la tumeur et de libérer le PS localement par clivage

protéolytique (protease sensitive prodrug approach).

Cette stratégie se base sur une propriété pathophysiologique associée a la formation, au
développement, a la progression et a la métastase des tumeurs a savoir la dérégulation et la
surexpression dans certains cas de 1’expression de protéases. La Protease-Sensitive-Prodrug
Approach repose sur le clivage d’un lien peptidique reconnu et permettant le ciblage
spécifique des protéases surexprimées au niveau tumoral. Du fait de cette surexpression,
’activation de la prodrogue se fait majoritairement au sein de la tumeur et permet la libération
ciblée du PS qui est par la suite activé sélectivement par irradiation lumineuse localisée au

niveau de la tumeur.

Dans le cadre de ce travail, I’évaluation de 3 systémes de livraison (drug delivery systems en
anglais) ciblée et sélective du PS a été réalisée a savoir, 1) I’approche des liens peptidiques

“silencieux” ou “quenchés” dénommée Molecular Beacon, 2) I’approche polymérique (avec
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ou sans ciblage peptidique) désignée sous le terme de Polymeric Protease Sensitive
Prodrugs (PPP) et 3) ID’approche peptidique cyclique connue sous le nom de
Regioselectively Adressable Functionnalised Templates (RAFT).

Dans un premier temps, 1’évaluation de I’approche de la prodrogue polymérique a été évaluée.
Cette approche repose sur le chargement sur un squelette polymérique de poly-L-Lysine de
plusieurs entités de PS (ici, le Pheophorbide a) couplées a un lien peptidique susceptible
d’étre clivé par I’activateur du plasminogene de type urokinase, une protéase connue pour étre
surexprimée dans le cancer de la prostate notamment. Apres optimisation du chargement
(loading), du nombre de PS-peptides sur le polymere et la vérification du clivage sélectif de
ce lien par la protéase ciblée, une évaluation in vivo de I’efficacité d’une telle drogue a été
¢tablie dans le cadre de la PDT. Ainsi, I’administration 7.5 mg de Pheophorbide a (PS) sous la
forme de prodogue optimisée (uUPA-PPP-4) a des souris portant des xenografts de cancer de la
prostate (issu de la lignée cellulaire PC-3) et I’irradiation des tumeurs a une dose lumineuse
de 150J/cm’a permis la guérison complétede 3 souris sur 7 ainsi que la rémission partielle des
4 autres souris prolongeant de ce fait leur espérance de vie de 15 jours comparé aux groupes

controles.

In vitro sur les cellules de cancer de la prostate humaines (PC-3), ’approche polymérique de
la formulation de PS a permis d’obtenir un effet phototoxique significatif (jusqu’a 80% de
mort cellulaire pour une dose de 10J/cm? et 10 uM de PS) pour des phthalocyanines qui, sans

formulation, ne présentaient aucune efficacité.

Ces observations démontrent clairement le bénéfice thérapeutique d’une telle approche, que
ce soit au niveau cellulaire ou clinique. Cependant cette approche reste limitée du fait de la
polydispersité du polymeére utilisé, de la distribution aléatoire des PS-peptides sur le polymere

et de la variabilité inter-lots associée a la synthese de ce type de prodrogues.

C’est donc dans le but de répondre a ces limitations que les approches de liens peptidiques
“silencieux” ou “quenchés” (Molecular Beacons) et d’échafaudages peptidiques
(Regioselectively Adressable Functionnalized Templates-RAFT) de structures définies ont été

instaurées, synthétisées et évaluées.

Le principe reste le méme a savoir que la prodrogue présente une fluorescence basse voire

nulle (état silencieux). Cet état “quenché” est principalement di au transfert d’énergie non-
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radiatif ayant lieu entre un donneur et un accepteur d’énergie situés a proximité 1’'un de
I’autre. Cet effet est dépendant de la distance qui sépare le donneur et I’accepteur d’énergie.
Ainsi, dans le cas ou cette distance s’accroit, I’effet de quenching diminue jusqu’a s’annuler.
Dans le cas de la prodrogue, une fois en présence de la protéase ciblée, la prodrogue est
activée, la distance entre PSs ou entre fluorophores augmente ce qui conduit a I’augmentation
de fluorescence de la sonde et a la production de ROS nécessaires a 1’effet toxique de la PDT.
Ainsi la détection tumorale, de méme que sa destruction sélective peuvent étre accomplis avec
une haute résolution du fait d’une amplification de signal significative au sein du tissu malade

et d’un ratio signal/bruit de la prodrogue élevé.

L’approche la plus simple est celle du molecular beacon ou le donneur est lié¢ a I’accepteur a
travers un lien peptidique reconnu spécifiquement par la protéase ciblée. Dans le cadre de
cette thése, le donneur utilisé est un fluorophore (Cy5 ou Texas Red) tandis que I’accepteur
est un Black Hole Quencher (BHQ-3). L’utilisation de lien peptidiques adaptés ont permis
une activation sélective et significative des sondes utilisées et ont finalement résulté en
I’imagerie réussie de ces drogues au niveau cellulaire avec une haute résolution. Cette étude
montre le potentiel non négligeable d’une telle approche dans le cadre de ’imagerie et de la
compréhension moléculaire du cancer. De telles sondes restent cependant a évaluer au niveau
in vivo et clinique. Le potentiel de ces sondes au niveau médical réside dans la versatilité de
leur conception grace a la modulation du lien peptidique qui permet la variation de la cible et

de la maladie étudiée.

Enfin, I’approche la plus innovante exposée dans cette thése est 1’utilisation de RAFT dans la
PDT. En effet, ces échafaudages peptidiques permettent d’allier les avantages des deux
approches citées précédemment tout en en évitant les inconvénients. Cette stratégie permet
d’avoir une structure définie, modulable et reproductible comparée a 1’approche polymérique
mais permet ¢galement d’obtenir une pharmacocinétique (PK) du PS plus favorable que dans
le cas des molecular beacons. A cela s’ajoute la propriété du RAFT en lui-méme qui définit
un plan sur lequel il est possible de fixer différentes entités de part et d’autre de ce plan.
Ainsi, dans I’étude qui est reportée dans cette theése, la partie supérieure de ce plan est
constituée de la partie PS-peptide soit la partie responsable du ciblage et de Deffet

photocytotoxique. La partie inférieure, quant a elle, contient I’entit¢ PEG (d’un poids
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moléculaire variable) permettant de moduler la PK de la prodrogue. 11 a, ainsi, ét¢ démontré in
vitro que de tels concepts étaient non seulement applicables mais aussi hautement efficaces.
L’équilibre & trouver entre le quenching, [Dactivation cellulaire et 1’accumulation
intracellulaire de la drogue est d’une importance capitale pour assurer 1’effet thérapeutique
optimal de cette approche appliquée a la PDT. Enfin, I’optimisation du lien peptidique de
ciblage des protéases permet I’amélioration de 1’effet de la drogue. L’évaluation in vivo de ces

prodrogues reste a établir de méme qu’une optimisation de leur synthése et purification.

Cependant, le succes de cette approche in vitro notamment pour les prodrogues MPheo (qui
induisent une mort cellulaire de 50% a une dose de PS aussi basse que 100 nM et une
destruction compléte a 750 nM pour une dose de lumiére de 10 J/em® sur les lignées
cellulaires PC-3 (cancer de la prostate) et HT1080 (fibrosarcome)), ouvrent la perspective
d’une application médicale prometteuse de ces prodrogues dans le traitement du cancer par la

PDT mais également d’autres pathologies et modalités de traitements.
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